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INTRODUCTION

Research under this contract began as scheduled on October 1, 1981.
During the first six months, no significant deviations from the plan
contained in our proposal dated May 13, 1981, occurred. Research performed
relative to each of the tasks listed in our Statement of Work, dated September
21, 1981, is summarized in the following paragraphs. Further details regardiné
some of these topics are provided in the attached appendices and in videotapes

previously furnished to DARPA.

RESEARCH ACCOMPLISHED

Task 1: Vertical Sensor Evaluation

Rough terrain locomotion on a laboratory terrain board has been accomplished
by the OSU Hexapod Vehicle. A surplus vertical gyro furnished by the University
of Wisconsin was used for this purpose. The results obtained are documented
in a videotape entitled ""The Adaptive Suspension Vehicle Concept,' dated
March, 1982. While the outcome of this test was generally satisfactory, a
noticeable amount of gyro drift occurred during trials involving large amounts
of body motion. An alternative gyro has been ordered, and further tests
will be made during the coming quarter to determine if this effect can be
reduced. Preliminary evaluation of pendulum sensors indicates that these
devices are excessively affected by vehicle body motion during locomotion,
but may be useful as an inexpensive means for verification of gyro function

during automatic checkout of vehicle subsystems prior to initiation of gait.




Task 2: Control Mode Studies

A simulation study involving a CRT display of a simplified ASV-84
hexapod vehicle has been initiated for the purpose of studying alternative
control modes. Research thus far has centered about a '‘close maneuvering"
mode in which signals from a three-axis joystick are used to control fore-aft
velocity, right-left velocity, and turning rate about the vehicle vertical

axis. In this control mode, the vertical velocity of the body is automatically

adjusted to maintain a desired altitude above the terrain. The remaining two
components of body velocity, namely, pitch rate and roll rate, are also
automatically controlled, either to maintain the body at an operator specified
elevation and roll angle, or else to adjust these angles automatically to

keep the vehicle body parallel to the average terrain slope. Examples of
results obtained with this simulation are included in videotapes previously
submitted to DARPA. Research on this topic during the next quarter of this
contract will be aimed at definition of additional control modes, improvement
of the existing simulation, and tests of the above described "terrain-

following' locomotion with the OSU Hexapod.

Task 3: Insect Control Studies

A simulation program using a 'free gait' algorithm has been written.
This program produces nonperiodic stepping patterns and is capable of
dealing with terrain possessing a significant percentage of regions unsuitable
for load bearing due to the presence of holes, rocks, soft soils, etc. The
results of this simulation will be compared to digital and film recordings
of locust stepping patterns to be provided by the University of Alberta.

Preliminary data of this type has already been obtained from Dr. Robert Franklin




of the University of Oregon. The purpose of this investigation is to develop

.04-.-'

more versatile algorithms for automatic control of ASV-84 stepping patterns

L : during complex maneuvering over rough terrain.
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Task 4: Fault Tolerant Software

B e

The definition of this task has been expanded to include automatic

pre-locomotion checkout of vehicle subsystems and on-line detection of stepping

pattern errors which could result in any of the following three undesirable
.. conditions: 1) motion of a joiné to an angle such that its kinematic limit
; . is encountered; 2) collision of adjacent limbs; 3) instability of a support
pattern or possible collision of the body with the ground For any other
reason. With software now being written, imminent violation of any of these
"safety' conditions will automatically halt the vehicle and will provide the

. operator with an error message. It is anticipated that this software will

be completed and tested with the OSU Hexapod Vehicle during the fourth

[
»

quarter of the present contract year.
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Task 5: Laser Foothold Designator

One television array camera has been delivered. This camera has been
successfully interfaced to the PDP-11/70 computer. Camera calibration is
under way and should be completed during the next quarter of research.

Delivery of the second camera, needed for triangulation on the operator

ey Py e

controlled laser spot reflected from the terrain, is also expected in the

ey
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next quarter. Software for optical control of stepping patterns for the OSU

Hexapod Vehicle has been completed and tested using keyboard entry of terrain

—-—....,

coordinates to simulate the range-finding function.




Task 6: Leg Geometry Studies

Assembly of the DUWE (Dynamic Unpowered Walking Experiment) was completed
and the device walked successfully. The measured specific resistance was
in the range 0.1 to 0.2 which is comparable to that of an automobile. The
machine behavior also correlated well with that predicted by computer simulation.
We believe that this experiment demonstrates that there is no instrinsic
mechanical obstacle to the achievement of low specific resistances by fully
terrain-adaptive walking machines.

Computer-aided geometric design of leg geometry continued with feedback
from both the DUNE experiment and the Monopod (fully discussed in an appendix
to the final report on Contract no. MDA903-81-C-0138). Dimensions were
finalized for the geometry based on a four-bar linkage with a sliding shank.
Parallel geometric studies of pantograph leg geometries were conducted and
a set of dimensions for a leg of this type were also frozen.

Finite element studies of stress and deflection in legs of the two
types mentioned above have been initiated. These studies are to be coordinated

with the frame model to produce a stress and vibration model of the whole

vehicle.

Task 7: Power Package Specifications

A preliminary set of pump specifications has been transmitted to the
University of Wisconsin. The general configuration of the flywheel package
has been agreed upon and is discussed in Appendix 1. A specification for
a generator or alternator awaits estimates of computer and instrumentation

power requirements.
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Task 8: Power Distribution and Actuator Servo Design

‘. A first version of the power transmission system configuration design

has been completed and is discussed in Appendix 1. Simulation studies of

portions of this system are in progress and representative results are

discussed in Appendix 2. A kinetostatic simulation of the whole vehicle

initiated to provide actuator loads, actuator velocities, and reflected

N inertias for input to the transmission system simulation is being further
developed to simulate arbitrary paths on sloping and uneven terrain.

Component procurement for the breadboard leg system is in progress.

As of the end of the time period covered by this report, the variable
displacement pumps and control valves have been delivered. The actuators
have been selected and studies are in progress for selection of a suitable

microcomputer configuration.

Task 9: Frame Design

As of the end of the first six months of this research, a lightweight
mock-up of the vehicle frame has been constructed. Field mobility tests
using this frame supported by three people are scheduled to take place in
the coming quarter.

A preliminary configuration for the vehicle frame structure has been
selected and a structural model for weight distribution studies and for
finite element input has been generated using the SUPERTAB program.
Preliminary finite element analysis has been performed using the SUPERB
program. Material from these studies in included in the videotape delivered

as part of the final report on Contract MDA903-81-C-0138. On the basis of

these preliminary studies, and as a result of experience with the OSU Hexapod




and other robot structure designs, it appears that the primary design constraints
will be natural frequencies and modes of structural vibration rather than j

load-bearing capacity. Design modelling is proceeding on this assumption.

Task 10: On-Board Computer Design

An Intel 8086/8087 single board computer has been interfaced to the

electric monopod vehicle. Data conversion (A to D and D to A) is provided

- — B
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, through an Intel 8088 computer which has also been interfaced to this machine.
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These two computers communicate via the Intel Multibus, which includes

hardware arbitration of conflicting bus requests. A program for single axis

| -

control of the monopod is being written in PASCAL and assembly language using

a Hewlett-Packard 64000 Microprocessor Development System (MDS). Although it

,.
o, e

is anticipated that this program will be completed during the next quarter
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of research under this contract, this approach to progrimming is awkward
and inefficient. It has been decided that it would be much better to make

use of an Intel MDS and a suitable model number has been determined. While

this item is included in the budget for the second year of this project, its ’-
! :
need is strongly felt, and permission for purchase during the current contract
year has been requested from our local contract monitor. !
Task 11: Software Design E
Version 3.4 of the OSU Hexapod real-time software has been completed. :
»

A listing is included with this report as Appendix 3. This version has been
modularized in such a way as to be conveniently adapted to a multiprocessor

implementation. Among the other important features of this software are its

improved on-line operator communication characteristics and the inclusion of




a rough terrain locomotion capability. Test results obtained with this
software in conjunction with the OSU Hexapod Vehicle are documented in the

two videotapes previously referenced in this report.

Task 12: Electronic Subsystem Design

A study of sensor requirements for the ASV-84 Vehicle has been initiated.
Requirements for leg servo power electronics are being developed. Design of an
ultrasonic ranging system for possible use as a leg proximity sensor has been
completed. Components have been,ordered, and construction of a breadboard

model proximity sensing subsystem is scheduled for the coming quarter.
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SUMMARY

This report summarizes work accomplished during the first six months
of a three-year contract leading to field testing of an experimental adaptive
suspension vehicle (ASV-84). The key feature of this vehicle is that it is
supported and propelled by an actively controlled linkage mechanism enabling
it to adjust its configuration to ground contours in order to smooth body
motion, improve slope climbing and rough terrain mobility, and potentially,
to achieve better fuel economy than conventional off-road vehicles. The
research is motivated by the observation that approximately one-half of the
land surface of the earth is presently inaccessable to any conventional wheeled
or tracked vehicle, while man and large animals are able to traverse such
areas with relative ease.

The first year of this program is devoted to design of the ASV-84
machine. It now appears certain that this vehicle will be a hexapod walking
machine without rolling elements in contact with the ground, although the
design will be such that a retrofit of such components will be possibld after
initial field tests. The 1984 vehicle will be provided with advanced sensing
including a terrain-scanning laser ranging device, proximity sensors and force
sensors on each leg, and an inertial measurement unit. This system will carry
a single operator who will be responsible for route selection, speed control,
and other high level decisions. Lower levels of coordination and processing
of sensor data will be handled by a multiprocessor on-board computer.

In order to condunt the design phase of this research in a realistic
context, a number of experimental machines are being used. Included in these

are: 1) the OSU Hexapod Vehicle, a functioning computer-controlled quarter-
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scale laboratory model walking machine; 2) the Electric Monopod, a wheeled
test-bed vehicle propelled and supported by a quarter-scale linkage-coordinated
leg; and 3) the DUWE vehicle, a towable unpowered hexapod designed to study
resonant energy storage during limb cycling in order to improve locomotion
efficiency to a level comparable to that achieved by wheeled vehicles.

Due to the complexity of this project, and to the fact that the research
has to do with control of motion, videotaping has been chosen as the primary
means of reporting experimental results to DARPA. The present document
therefore represents only a summ;ry, and access to the videotapes is required
in order to obtain a full understanding of research accomplished during this
reporting period.

In conclusion, no major deviations from the original project plan have
occurred during the first six months of this research. We currently anticipate
that the design of the ASV-84 vehicle will be completed on schedule at the
end of the first year of research. A major design review is presently
scheduled for October, 1982, and it is anticipated that vehicle construction

will begin immediately after this review.

S e ———————" = W e = P




L R e

ABRendix 1

To be presented at 17th Intersociety Energy Conversion Engineering Conference, Los

Angeles, August 8-13, 1982.

THE USE OF MECHANICAL ENERGY STORAGE IN AN UNCONVENTIONAL, ROUGH TERRAIN VEHICLE

] -
K.J. Waldron , A.A. Frank*, and K. Srinivasan

*+ Dept. of Mechanical Engineering

Ohio State University

ABSTRACT

Vehicles designed for very rough terrain
are subject to large variations in power demand
and, therefore, benefit from energy storage and’
regeneration. This paper concerns energy man-
agenent and conservation in a legged vehicle
presently being designed for transportation over
such terrain. Both the rough terrain require-
ment and the oscillatory nature of the walking
action dictate careful design for energy manage-
ment if the power to weight ratio is to be im-
proved over current designs.

The arrangement of the power generation,
storage and transmission system will be dis-
cussed. This comprises a gasoline engine, fly-
wheel storage package and a hydraulic transmis-
sion and actuation system featuring computer
controlled variable displacement pumps.

INTRODUCTION

The subject of this paper is the energy man-
agement system design of an unconventional vehicle
intended for service in very rough terrain. An
artist's conception of this vehicle is shown in
Figure 1. It may be seen that the support and lo-
comotion system consists of six legs. Legged loco-
motion presents a number of advantages over wheels
or tracks, particularly in rough terrain (1). It
comes as a surprise to most people that only about
50% of the earth's land surface is accessible to
wheeled or tracked vehicles (2). At least 90% is
accessible to animals using legged locomotion and,
in principle, to artificial legged vehicles. Com-
mercial machines using a combination of wheels and
articulated Jlimbs (3,4) have demonstrated ability
to handle gradients, soil types and terrain fea-
tures far beyond those which conventional wheeled
or tracked vehicles can handle.

There have been a number of experimental walk-
ing machines built. Those described in references
(5,6,7,8,9) have the capability to adapt their
gaits to terrain conditions as does the machine we
are designing. A severe problem with all of these
machines, which has not previously been seriously

+ Dept. of Electrical Engineering
University of Wisconsin

Figure 1: Concept drawing of the adaptive suspen-
sion vehicle

addressed, is energy management. Figure 2 is a
modification of Gabrielli and Von Karman's diagram
(10) showing the ratio of locomotion power to
weight plotted against speed for various locomo-
tion systems. Two points have been added. These
correspond to the G.E. Quadruped (5) and the OSU
Hexapod (6) and are representative of fully adap-
tive walking machines. It may be seen that an im-
provement of at least one order of magnitude in
power to weight ratio is necessary for these to
become competitive with tracked vehicles, and

two orders of magnitude improvement is needed to
approach the performance of biological walking
systems.

A discussion of the power loss mechanisms in
walking machines may be found in reference (11).
Both the vertical plane, "mammalian'" type leg
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Figure 2: Specific power, defined as the ratio
of the maximum power available to
the gross weight of the vehicle,
plotted as a function of its maximum
speed (from Gabrielli and von Karman,
1954)

geometry used, as distinct from the "arthropod"
type leg geometry of the machines described in
references (6,7,8,9), and the unusual linkage
geometry (Figure 3) were adopted for energy man-
agement reasons. The selection of the leg geo-
metry is further described in reference (12).

Any vehicle encounters wide variations in
power demand resulting from changing terrain and
speed conditions. For energy conservation pur-
poses it is, therefore, attractive to use energy
storage and regeneration on a vehicle to allow
optimization of the engine operating conditions
and to regeneratively recover energy absorbed
when braking (13). The more severe the terrain,
the more extreme the variation in power demand.
The reasons for electing to make use of an energy
storage device in the vehicle we are designing
are, therefore:

1. The need for substantial improvement in
power demand.

2. The need for spurts of very high power
to overcome severe obstacles in a system
which must also be highly efficient on
level terrain.

For reasons of actuator force to weight ra-
tio and of the simplicity and quick response of
direct drive without gears or other speed redu-
cers, a hydraulic power transmission and actua-
tion system will be used. It is the configurs-
tion of this system, and of the associated prime

A e

Figure 3: Concept drawing of adaptive suspension
vehicle leg

mover and energy storage package, which forms the
subject of this paper.

PRIME-MOVER AND ENERGY-STORAGE PACKAGE

Requirements

For any vehicle there are basic requirements
that a power supply must meet. These are sustained
expected power and peak power. The sustained or
steady-state condition sets the waste-energy re-
quirements. The peak-power requirements set the
component size (i.e., torque and speed of each com-
ponent).

As an example, for standard automobiles the
average power required to drive the vehicle in the
city is about 3 to 4 hp for a vehicle about our
size. The peak power, however, is about 45 hp.
The vehicle, however, may be constructed with 60
hp or more. The reason for this disparity is that
the maximum available power is seldom used. The
power train, however, must be designed to handle
the peak, but it may not be designed to sustain
this peak. We will need a peak-power capability 10
to 20 times the average. NWe can readily meet this
requirement with a2 flywheel energy-storage power
plant.

Energy-storage capacity is another design

12
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factor of the power supply. Standard power sys-
tems do not have large energy storage in the prime
mover. The stored energy is usually in the form
of liquid fuel. Fuel flow is required to increase
power. These systems, however, cannot provide the
same efficiency of conversion for all levels of
power. In fact, the efficiency of conversion
drops as the power level drops. In addition, it
is not possible to regenerate energy, i.e., feed
vehicle energy back to the power plant for later
re-use. This implies that we waste energy every
time the vehicle is stopped faster than by coast-
ing and every time we go down a steep hill.

To provide a power supply which can provide
a peak power of about 150 hp, a sustained power
of 60 hp, and an energy-storage capacity of about
1/3 hp-hr, an engine-flywheel system is considered.
The requirement for energy storage is determined
by the amount of energy recoverable going down a
grade (of 60% for 100 yards) or the time for sus-
tained high power. In the above specification,
we would be able to sustain 150 hp for about 10
seconds. This amount of power will allow the
vehicle to lift itself up at 20 feet per second.
Of course, to achieve this performance, all com-
ponents must be sized to handle this rate of
energy flow. This capacity allows the vehicle to
climb vertically 200 feet in 10 seconds if so de-
sired or required.

The power-plant package is shown in Figure 4.
This package shows a design which can be relative-
ly easily implemented. The flywheel package has
two clutches. An engine clutch allows it to be
decoupled from the flywheel supply and the varia-
ble-displacement drive pump. The purpose of the
second clutch is to start the flywheel automa-
tically without having to control the slip of the
clutch.

) | e )
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Figure 4: Power plant package

When a flywheel power plant is first started,
the engine must engage the flywheel gradually to
prevent too low an engine speed and consequent
engine stall. There are many ways to accomplish
this. One simple way which has been tried suc-
cessfully is to start the engine, then slip the
clutch to spin the flywheel up to a minimm speed.
This method can be accomplished either by starting
the engine first or electrically spinning the fly-
wheel, then engaging the engine. The first
technique can be accomplished with less electrical
energy if the engine is in good tune. The second
method requires gradual application of throttle
during acceleration.

An alternative which requires no more compo-
nents but provides a somewhat smoother starting
algorithm is to start the engine normally, then
hydrostatically accelerate the flywheel. This
technique, though smooth, means that one hydrau-
lic pump must be always connected to the flywheel
mechanism. The consequence of this is that we
would always have its associated spin loss. If
we choose one of the lower-capacity pumps for this
function the loss can be tolerable.

The total flywheel spin loss should be less than

1 hp at peak speed. The largest spin loss is
expected to come from the hydraulic pumps. It is
generally important to keep the hydraulic pumps
operating at the minimum speed to supply the power
required. Thus, ideally, a two- or three-speed
transmission should be used between the hydrostatic
pumps and the flywheel. This will allow minimiza-
tion of the losses when the power requirements are
low. It further gives the system more flexibility
and greater dynamic range.

Design Alternatives<

Engine selection is based on simplicity and
power density. Simplicity would dictate an air-
cooled diesel engine. However, power density
would greatly favor an air-cooled gasoline engine.
Simplicity and maintainability also favor a gaso-
line production engine. Thus, an air-cooled pro-
duction engine of about 60 hp is clearly the best
alternative.

The flywheel configuration is dependent upon
energy-density, safety, construction-cost, relia-
bility, and maintainability trade-offs. Two alter-
native designs being evaluated are shown sketched
in Figures 5 and 6. These designs show different
spproaches to the five trade-off items above.
Figure 5 shows a semiconstant-stress flywheel with
an sttachment boss. This sort of design requires
a larger diameter for a given speed or a higher
speed for a given diameter. A physical limit is
approximately 24 inches diameter and a maximum
comfortable operating speed of about 15,000 rpm.
The second possibility is to be conservative and
design a semirectangular cross section with an
insert hub. This design has the advantage of pro-
viding sbsolute safety from overspeed; i.e., the
flywheel is assembled by cooling the center to
liquid-nitrogen temperature and heating the out-
side to a high temperature. The interference fit

13
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Figure 6: Alternative flywheel designs

is calculated to occur at 20% over the maximum
speed. An alternative would be to assemble the
system at 20% overspeed, i.e., dynamically assemble
the hub and disc. Overspeed of the flywheel
causes the disc to fly off the hub, thus prevent-
ing the overspeeding of the disc. This 20% margin
in speed is easy to adhere to, since 20% overspeed
implies a 44% increase in stored energy; i.e.,
with the characteristics of engines, this over-
speed is difficult to achieve if all protective
systems fail.

The flywheel systems discussed will have a
vacuum/lubrication pump. The idea is simply to
use a scavenging pump to remove oil, then to care-
fully use stmospheric pressure to force oil back
into the flywheel case. The calibration of an
orifice and the use of constant-viscosity oil will
yield a simple yet effective combined lubrication-
vacuum system. This pump should be incorporated
around the flywheel shaft. An ordinary oil pump
as used in automatic transmissions can be utilized.
This pump may be used to start the flywheel; in
this mode it really is a hydraulic motor.

Conclusion

The flywheel-engine power supply is a rela-
tively straightforward design effort. The engine
control is dependent on final decisions on the
placement of the starter motor. It is anticipated
that the engine will be bump-started by the fly-
wheel and then the engine will spin the flywheel
up at a fixed throttle until maximum speed is
reached. At this speed the ignition will be auto-
matically cut and the engine decoupled by the en-
gine clutch; the flywheel will supply the power
until its speed drops to about half the maximm,
at which time the engine is re-engaged and started.
This on-off operation is one mode of operation
possible. A continuous-operation mode is, of
course, also possible, in which the engine is
throttled to maintain a given flywheel speed less
than the maximum. This operational mode uses the
flywheel as a speed stabilizer for the engine. It
is not as efficient as the on-off operation;
however, it is simpler to implement.

The flywheel power supply is a necessary part
of this vehicle design, since high transient
torques are expected to be applied to the hydrau-
lic system. These transients are translated into
transient or peak power. Without a flywheel for
stabilization, the engine would have to be extreme-
ly responsive. The flywheel power supply allows
us to use other forms of prime mover as well, if
they become available. Power sources such as Stir-
ling engines, turbines, and diesels are all viable
with the flywheel as an intermediary.

HYDRAULIC SYSTEM CONFIGURATION

As is shown in Figure 3, each leg of the
machine is to have three degrees of freedom each
powered by a linear actuator. Hydraulic linear
actuators are lighter than rotary actuators in
equivalent service. The non-linearity of the re-
lationship between actuator displacement and joint
angle and the limited range of joint rotation per-
mitted do not present serious problems in this
system. The three actuators have distinctive func-
tions. The drive actuator, A, moves the foot back
and forth along a path which is, to a good approx-
imation, a straight line parallel to the body axis.
The approximate straight line is generated by the
four-bar linkage configuration of the upper leg.
The shank actuator, B, raises and lowers the foot
at the beginning and end of the contact phase and
accommodates to variations in working height due
to stepping in depressions or on bumps. The ab-
duction-adduction actuator, C, allows the leg to
be tilted outward or inward to perform turning
maneuvers and to accommodate to side slope condi-
tions.

In order to eliminate valve pressure drop
losses and to allow regeneration it would be
attractive to use hydrostatic power transmission
circuits. However, the weight and cost of pro-
viding a separate variable displacement pump for
each of 18 actuators is prohibitive. Even a par-
tial system using separate hydrostatic circuits
only for the drive actuators is unattractive.

14
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Thus, regeneration using conventional types of hy-
draulic circuits does not appear possible. How-
ever, the load and displacement rates of the drive
actuators are related. This feature, coupled with
the predictive and coordinating power of the con-
trol computer permits design of a single circuit
powering all 6 drive actuators which will permit
regeneration. Likewise, if all 6 shank actuators
are grouped into a single circuit and all 6 ab-
duction-adduction actuators likewise, advantage
can be taken of the similarities of load and dis-
placement histories of the actuators in each
circuit.

The drive circuit has load-displacement char-
acteristics quite similar to that of a wheeled
vehicle. Displacement rate is large and varies
only slowly. Load varies widely but not rapidly.
Restriction of vehicle operation to wave gaits
(14,15) and to those in which legs are raised and
lowered at precisely the same instant, that is,
those with duty factors of 5/6, 2/3, or 1/2, main~
tains constant circuit volume. Balanced area ac-
tuators will be used for the same reason. Aver-
age power in this circuit is high because of the
large displacements.

The return portion of the leg cycle presents
a problem. As far as possible one would like to
convert the kinetic energy of the leg at the end
of the contact phase into gravitational potential
energy and re-use it to drive the leg forward
during the return cycle. This requires provision
for the leg to swing forward freely and for the
delivery to it of a relatively small amount of
energy to make up for frictional losses. This
type of action is quite incompatible with the
other functions of the drive circuit. Loading on
the return phase is low compared to that of the
contact phase and average joint rates, while the
same as for the contact phase in the tripod gait,
(duty factor 1/2) increase to twice the contact
phase rate for 2/3 duty factor and five times it
for 5/6 duty factor. Free swing of the leg can
be allowed by providing a large diameter bypass
across the actuator and simultaneously isolating
the returning leg from the drive circuit and
opening the bypass. The problem of delivering
make up energy can best be handled in the way that
humans and animals handle it by rapidly lifting
the leg at the beginning of the return cycle higher
than necessary for ground clearance. This increas-
es the potential energy available to drive the re-
turn cycle provided the leg is allowed to drop
back to ground clearance height under its own
weight after passing the maximum velocity position.
Thus, the energy pulse required is effectively
delivered by the shank actuator circuit, which is
much better suited for this purpose than the drive
circuit.

It is proposed to connect the drive actuators
of legs on each side of the vehicle in series.
The optimum supply arrangement is a separate pump
for each of these series circuits. A single pump
could be used, but only at the cost of increased
losses during turning movements. Control of the

displacements of these pumps provides both the

primary speed control and the primary steering con-
trol. Net flow rates in each of the circuits are
to be sensed and their average used as s speed
feedback signal and their difference as a direc-
tional feedback signal. Thus, the "drive circuit"
becomes two circuits with interconnected controls.

The series connection of the drive actuators
on each side of the machine, in principle, con-
strains the rates of the drive actuators of all
legs on that side of the vehicle to be the same.
In practice, bleed circuits would be used to by-
pass some flow around the actuators permitting
speed variation as required during turning move-
ments and in high duty factor gaits. The bleed
circuits also permit actuator velocities to vary
during the contact phase. This mode of operation
automatically handles the problem of distributing
the drive load among the legs. If a leg starts to
slip, its share of the load will automatically
decrease since the pressure across its actustor
will drop throwing a correspondingly larger share
of the supply pressure across the actuators of
the other legs. The drive circuits are shown on
Figure 7.

COMPUTER

o

SENSOR c

SENSOR

Drive circuit configuration. The heavy
weight lines indicate hydraulic compo-
nents and connections. The lighter
weight lines indicate control informa-
tion paths. Note that relief valve and
charge pump circuits are not included
on this diagram.

Figure 7:
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Since flow rate is relatively difficult to
measure directly, it is probably best to measure
actuator rates and infer flow rates from these.
During each cycle segment the computer might select
as master leg the leg with the highest rate on
each side. If that leg is operated without bleed,
its drive actustor velocity obtained from the
joint sensors gives the flow rate for that side of
the vehicle.

Each of the drive actuator circuits is a
constant volume circuit in which flow rate is con-
trolled by pump displacement. Load reversal in
the actuators can be used to drive the pump as a
motor and, hence, to return power to the flywheel.
Although it has multiple actuators which are
switched in and out of the circuit, its character-
istics are those of a hydrostatic circuit.

Figure 7 is a schematic representation of the
hydraulic flow paths and control information paths
for this subsystem. The hydraulic elements are
indicated by heavy lines and the control informa-
tion paths by lighter lines. Each balanced area
actuator is controlled by three valves. A and B
are three-position four way vs.ves and are used
primarily as flow switches. Veriation of the flow
rate through the actuator is controlled by the two
way flow control valve C. During the contact
phase, flow through C is small and so, although it
is subject to the full actuator pressure drop, the
energy consumed in the valve will be small. Dur-
ing the return phase, valve C is fully open per-
mitting relatively free swing of the leg. Valve A
functions to switch the actuator in and out of the
flow circuit. It has two functional states. In
the first, the supply is connected to one side of
the actuator and the return to the other. In the
second, the supply is connected directly to the
return, bypassing the actuator. The two ends of
the actuator are also connected providing an addi-
tional actuator reverse flow path for the return
phase. Valve B is provided to allow reversal of
the direction in which the actuator is driven
allowing positive drive of the return motion when
the leg is impeded and for sprinting with in-
creased leg return speed. Valve B is also to be
used to hold the leg in position at the end of
the return phase in order to synchronize leg
placement. Both A and B are conventional, three
position four-way control valves, although A is
connected in an unusual flow configuration. Note
that the flow paths are symmetric with respect to
reversal of the direction of flow. This feature
provides a capability for driving the machine in
reverse.

The operational requirements of the shank
actuator circuit are quite different from those of
the drive circuit. During the contact phase the
shank actuator must either hold position or exe-
cute small movements against high load. At the
beginning of the return cycle it must lift rapid-
ly against the relatively small shank and foot
weight load. During the later portion of the re-
turn phase and at the end of that phase it should
allow the foot to descend under its own weight.

Since there is such a disparity between load
during the contact phase and during the remainder
of the cycle, operstion as a simple, constant sup-
ply pressure, valve controlled servo would require
acceptance of severe valve losses during leg 1ift
because of the high rate and low load relative to
supply pressure which would have to be high enough
to support the contact load. Control using pump
displacement would probably have too narrow a band-
width to accommodate an adequately fast leg lift.
In order to overcome this disparity in operating
conditions it is proposed to provide energy stor-
age by means of accumulators placed closed to the
shank actuators (figure 8). These can be used to

EEE(;;EETEP-lus:uwm-
&

o

v
-3

;
:

Figure 8: Shank circuit configuration

release a short pulse of energy to power the leg
lift with minimal effect on the much more slowly
responding supply system. Valve energy losses are
minimized by keeping the valve wide open during
the energy transfer. The accumulator should be
sized to have sufficient stored energy for maximum
leg lift. It is charged during the remainder of
the swing phase while the actuator is isolated
from the supply. A controlled bypass is also pro-
vided to allow controlled descent of the leg under
its own weight. The shank actuator is isolated
from the supply during this phase. Note that in

this circuit the pump servo is set up to control
supply pressure rather than flow rate as in the

.
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drive circuit. The four way control valve is a
conventional, critical center valve used in a con-
ventional manner. The bypass valve, B, is used to
drop the leg under its own weight and not as the
main control element as in the drive circuit. A
bypass with a check valve which is also switched
by valve B permits the shank to continue to rise
freely after delivery of a brief pressure pulse
from the accumulator. The pump displacement will
be controlled to provide a supply pressure com-
manded by the control computer. This will allow
supply pressure to be matched to weight with a
relatively small valving margin.

The operational characteristics of the abduction-
adduction circuit are quite different again. In
straight ahead walking on level ground, these ac-
tuators simply hold position against minimal loads.
They primarily come into use when turning. Except
for extremely sharp turns or crab-walking, the
displacements are small. Loads are highly varia-
ble. Because of the relatively small displace-.
ments expected in most operating conditions, the
valve losses of a conventional valve controlled
circuit should be acceptable. The primary control
variable of this circuit will be joint rate al-
though position will also be sensed and controlled.
The computer will be used to regulate supply pres-
sure in accordance with expected actuator loading.
The circuit is shown in Figure 9. Shot pin loca-
tion will be used on this and the drive circuit

to hold position when powered down. The shank
will be allowed to rest on its upper stop when
powered down, effectively kneeling the vehicle.

CONCLUSIONS

It should be emphasized that the design of
the system described here is still developing.
Although the broad outlines of the power supply,
storage and transmission sSystem have been resolved,
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many questions pertaining to the details of design Figure 9: Abduction-Adduction circuit configura-
and operation remain to be answered. Investiga- tion

tions are in progress of system dynamic response,

switching problems, fluid transients and dynamic

optimization. These aspects of the system are 3. Kaiser Spyder Specifications, Industrial and

being studied by a combination of computer
simulation and of testing breadboarded subsystems.
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ABSTRACT

One of the causes of low efficiency of legged vehicles is the type of actua-

tion system used. This paper describes the overall design and the evaluation of
some aspects of a proposed hydraulic actuation system for a six-legged vehicle
intended for use in rough terrain. Features of the hydrsulic actuation system
designed to improve mechanical efficiency are described, A combination of line-
arized dynamic system analysis and computer simulation of the nonlinear dynamic
system equations is used to evaluate some aspects of the proposed design. The
tradeoff between energy efficient operation and the dynamic performance of the
actuation system is investigated. Some criteria for controller design are

enumerated.
NOMENCLATURE

Ao
A1, A2

A
a9
81, B2

’ 1s 2
s b
C4

Sep

o}? o,

F

L1’ L2
gxx' Gy2» Gy1r G2
Ka, Kal, Ka2
KC. Kcl' KCZ
Kq. Kql, Kq2
Ks

Ke
M
My, Mel, Me2

Vehicle center of mass acceleration

Polynomials in s

Piston cross sectional area

Desired actuator acceleration

Polynomials in s

Viscous damping coefficient of piston and load
Polynomials in s

Flow discharge coefficient for servovalve ports
External leakage coefficient for actuators
Internal leakage coefficient for actuators
Polynomials in s

Drive actuator loads

Transfer functions for series connected actuators
Acceleration due to gravity

Proportional controller gains

Servovalve flow-pressure coefficient

Servovalve flow gain

Servovalve gain

Velocity transducer gain

Fraction of vehicle mass assigned to a leg
Average reflected inertia at each actuator corresponding
to vehicle mass
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Ni1, N1z, N21, N22
P11, P12, P21, P22
Pr

Transfer functions for series connected actuators
Actuator chamber pressures
Return pressure

Pg Supply pressure

Q. Q Flow rates through servovalve ports
s Laplace variable

Vo Nominal vehicle velocity

Vi1, V2 Actuator chamber solumes

Ve Combined volume of actuator chambers
Vor Vol» Vo2 Desired actuator velocities

L] Area gradient for servovalve port
Xp1» Xp2 Actuator positions

Xyl Xy2 Servovalve spool displacements

a Angle of incline

Be Effective bulk modulus of hydraulic fluid
AF Excess force on the drive actuator

p Density of hydraulic fluid

T Servovalve time constant

Subscript ,

n Denotes mean value

INTRODUCTION

Legged vehicles have considerable potential for improved mobility over
rough terrain as compared to wheeled or tracked vehicles [1]. Some commercial
machines using a combination of articulated limbs and wheels have demonstrated
improved mobility characteristics over such terrain [2,3]. A number of experi-
mental walking machines have also been built [4,5] and have demonstrated that
terrain adaptive features can be included in the designs of legged vehicles.

Though legged vehicles should be more energy efficient for locomotion over
soft terrain than wheeled or tracked vehicles (6], fully terrsin adaptive legged
vehicles have proved much less efficient in practice. Reasons for the low ame-
chanical efficiency of terrain adaptive legged vehicles have been identified by
Waldron and Kinzel [7]. These vehicles have tended to use actuator placement
geometries which result in a significant amount of “back drive" work during the
walking cycle. An actuator is said to be "back driven” when it acts as a brake.
The mechanical design of a leg which minimizes the amount of "back drive" work
has been described by Song et al. [8]. Another important effect is energy
wastage due to the oscillatory nature of the leg motion, This can be reduced by
operating the leg as a compound pendulun {7]. It is also desirable to use ener-
2y storage and regeneration on legged vehicles for use in very rough terrain.
Prime mover operating conditions can then be optimized snd energy absorbed when
braking can be partially recovered,

Yet another fsctor in the low mechanical efficiency of some walking machines
is the type of power transmission and actuator used. The General Electric Quad-
ruped [3], for example, used a large mumber of valve controlled hydraulic actua-
tors. Such & method of sctuation results in good dynamic response of the actus-
tion system but low mechanical efficiency due to high energy losses at the con-
trol valves.

This paper describes the overall design and the evaluation of some aspects
of a proposed hydraulic actuation system for s six-legged vehicle for use in
rough terrain. Festures of the hydraulic sctustion system designed to improve
mechanical efficiency are described. A combination of linearized dynamic system
analysis and computer simulation of the nonlinear dynamic system equations is
used to evaluate the proposed design. The tradeoff between energy efficient
operation and the dynamic performance of thz zituation system is investigated.
As a result of the study, some criceria for controller design are enumerated.
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HYDRAULIC ACTUATION SYSTEM DESIGN

Hydraulic actuation was chosen for the six-legged vehicle, with an estimated
weight of 1361 Kg (3000 1b), because of the higher force-to.weight ratio of a hy-
draulic system. Hydraulic actuation is, moreover, compatible with the low speed
high load nature of the application. Regeneration of energy absorbed when brak-
ing is also possible with a hydraulic systea when used in conjunction with an
energy storage system.

Figure 1 shows a conceptual drawing of the vehicle leg. Each leg of the ma-
chine is to have three degrees of freedom each powered by a linear actuator. The
three actuators have distinct functions. The drive actuator A moves the foot
back and forth along a path which is, to a good approximation, a straight line
parallel to the body axis. The approximate straight line is generated by the
four-bar linkage configuration of the upper leg. Such a design minimizes the
"back drive” work in walking by decoupling vertical and horizontzl foot movements
and, hence, improves mechanical efficiency [8]. The shank actuator B raises and
lowers the foot at the beginning and end of the contact phase and accommodates to
variations in working height due to stepping in depressions or on bumps. The
abduction-adduction actuator C allows the leg to be tilted outward or inward to
perform turning maneuvers and to accommodate to side slope conditions.

p 4N
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Fig. 1 Conceptual Drawing of Vehicle Leg

The design of the hydraulic actuation system takes advantage of the special
nature of the actuator losd and velocity requirements for legged vehicles using
linkage legs of the type shown in Figure 1. The drive sctuator provides most of
the power in straight walking. Drive actustor load and velocity requirements are
high during the contact phase of the walking cycle. FPigure 2 shows drive actua-
tor load requirement as a function of time, for a walking speed of 4.0 Km/hr
(2.5 mph) over terrain with a 50% gradient, for a 1361 Xg (3000 1b) vehicle with

22




a specific leg geometry. Figure 3 shows the drive actuator velocity requirements
as a function of time for the same leg geometry. A tripod walking gait is
assumed [9]. In such a gait, at any one instant, the corner legs on one side of
the vehicle and the center leg on the other side of the vehicle are in contact
with the ground. The remaining legs are in the return phase of the walking cycle.
Though velocity requirements are identical for the drive actuators when walking
in a straight line in tripod gait, the load requirements are not. The drive
actuators on the coTner legs in contact with the ground share half the vehicle
load whereas the drive actuator on the center leg on the other side supports half
the vehicle load. The drive actuator loads vary with the terrain gradient in a
predictable manner. They are very low on level terrain since only frictional re-
sistance is to be overcome. They increase with gradient when going uphill.
Corresponding amounts of energy must be absorbed via the drive circuit when going
downhill.

22250 _

(5000) [

13350
(3000) T

8900
(20007

Actuator
Load
A
(1bf) 4450
(1000]7

Direction
of vehicle
Motion

-4450
(-1000)
0.0 0.2 0.4 0.6 0.8

Time (sec)

Fig.2 Drive Actuator Load Versus Time-4.0 Km/hr (2.5 mph) Walking Speed,
50% Terrain Gradient, 1361 Xg (3000 1b) Vehicle Weight.

Figure 4 is a schematic representation of one drive circuit design concept. The
hydraulic connections are indicated by continuous lines and the control paths by
dashed lines. The six drive actuators sre grouped into a single hydraulic cir-
cuit powered by a variable delivery pump. The pressure difference across the
pump is the supply pressure for the drive actuators and is controlled by a feed-
back loop. Each of the drive actuators is controlled by a four-way electrohy-
draulic servovalve. The valve actuator combinstion forms part of a feedback con-
trol system in which actuator velocity is the controlled variable.

The desired supply pressure is determined by the control computer as a func-
tion of the mean terrain slope and mean vehicle speed. In order :o reduce energy
losses at the valves, the supply pressure is chosen so as to keep the valves near-
ly wide open. The pressure drop scross the valve, for s given flow rate, is
thus reduced.

Each balanced area actuator is controlled by four valves. Valve A is an

open center, three-position valve used as a flow switch. During the contact
phase, it is actuated as shown on actuators 1, 4 and 5 in Figure 4. During the
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Fig. 3. Drive Actuator Velocity Versus Time - 4.0 Km/br (2.5 mph) Walking Speed.
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Fig. 4. Schematic Representation of Drive Circuit Concept.
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return phase, valve A is actuated in the other direction as shown on actuators 2,
3 and 6 in the figure and isolates the actuators from the drive circuit. Valve B
is a continuously variable, electrohydraulic four-way servovalve. With the two-
position valve C actuated as shown for actuator 4, valve B controls the actuator
motion in a conventional manner. Actuation of valve C as shown for actuators 1
and 5 connects the actuators in series. Valve D is actuated differently during
the contact and return phases of the walking cycle as shown in Figure 4.

In tripod gait, the drive actuators on the corner legs in contact with the
ground are connected in series. The series connection handles the problem of
distributing the drive load amorz the corner legs as shown in Figure 2. The
drive actuator on the center leg on the other side of the vehicle is also in con-
tact with the ground and is controlled by the four-way servovalve B in a conven-
tional manner. The other three actuators are on returning legs and are isolated
from the drive circuit. Figure 4 shows the hydraulic circuit operation for tri-

pod gait.

The return phase of the walking cycle requires a completely different mode
of control as described by Waldron et al [10] if excessive energy losses are to
be avoided. The drive actuators on the returning legs are isolated from the
drive circuit and allowed to swing back freely by opening a large diameter bypass
across each such actuator. The shank circuit, used to power the shank actuators,
is also capable of providing make up energy to drive actuators on returning legs
[10]. The control valves in the drive circuit allow implementation of the de-
sired control action during the return phase.

Turning maneuvers are accommodated naturally by the drive circuit. The
drive actuators on the inside of the turn curve would be operated at a lower
speed than those on the outside of the turn curve in response to coordinated
command inputs to the velocity servomechanisms.

While walking downhill at constant speed, the drive actuators experience a
pressure rise instead of a pressure drop. The desired supply pressure is set by
the control computer to be a negative value. The variable delivery pump is driv-
en as a motor, in effect, and the recovered energy can be stored if there is
provision to do so.

The design features and the dynamic response of drive circuit components are
of primary interest in this paper. The operational requirements and the designs
of the shank circuit and the abduction-adduction circuit are described elsewhere
by Waldron et al [10].

DYNAMIC ANALYSIS OF DRIVE CIRCUIT COMPONENTS

The design of the drive circuit and its proposed manner of operation have
been governed by the need to reduce energy losses and improve overall efficiency
of operation. The resulting design features and operational characteristics
affect the dynamic performance of the actuation system significantly. In this
section, two components of the drive circuit .are investigated. Firstly, the dy-
nanic performance of electrohydraulic velocity servomechanisms operated with
nearly wide open servovalves is examined. Secondly, the dynamic performance of
servomechanisms employing drive actuators connected in series is considered. The
nonlinear equations describing system behaviour are simplified to enable linear
analysis of the dynamic performance. The nonlinear equations are used subsequent-
ly to simulate the dynamic behaviour of the drive circuit components on a digital
computer.

Dynamic Analysis of a Balanced-Area Actuator Controlled by a Four-Way Servovalve
Consider the single balanced ares actuator controlled by a four-way servo-
valve as shown in Figure 5. The valve-sctuator combination forms part of the ve-
locity servomechanism shown in Figure 6. The equations describing the dynamic
behaviour of the system are given below and can be found in most standard text-
books on electrohydraulic servomechanisas [11). The symbols are defined in the
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Nomenclature section of the paper.

The valve flow equations for a critical center servovalve are given below
assuming the valve is to be open in the direction shown in Figure 5.

Qu(e) = G W X, (8) V2 @,-pp ce))
Q,(e) = ¢4 W x,; 0V 2 (2,00

The continuity equations for the two sides of the sctuator are

v () ¥, (t) dpy,(t)
Q8] - €p (Pyy(1)-Py5(0) = Cp Py (8) = —r— * 5. '

v ,(8)  Vy,(t) dPyo(e)
Cip Pra(®) = Prp(8)) - Cop #1p(0) - Q¥) « —— * 3 — —&

The volumes vlltt), Vlztt) of the actuator chambers are

Vll(t) = Ap xpl(t)

Vig(®) =V, - V) (V)

The load equation for the actuator piston is given by

dx ) (t)
AP(Pll(t)-Plz(t)) =F () - Bp at + &F(t)

where Fpj(t) is the computed load on the drive actuator corresponding to a
nominal vehicle motion trajectory and AF(t), the excess force on the drive
actuator, results in deviations from the nominal trajectory.

11 12

L1

Fig. §. Valve-Actuator Combination for Center Leg.
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Fig. 6. Leg Velocity Servomechanism

dix A details the derivation of the relationship between the excess
force AF(t) and the velocity and acceleration of the actustor and the vehicle
center of mass. The resulting equation indicates that AF is a nonlinear and
time varying function of actuator position, velocity and acceleration.

Mvo vo vo'o T 2 AO P2
AF(t) = —‘: (;,:xpl(t) - —v:f xpl (t) « a xpl (t) - A°> (8)

Vo» Ags Vo, @p are computed nominal vehicle velocity and acceleration and corre-
sponding actuator velocity and scceleration respectively. They are all functions
of linkage or actuator position. M is a fraction of the vehicle mass and corre-
sponds to the fraction of the vehicle weight supported by the leg. It is a time
varying function and depends on the positions of all the legs in contact with the
ground. For the actuators on the center legs in tripod gait, M is one-half the
vehicle mass.

The equations listed above are adequate to define the actuator motion ;pl(t)
in terms of the servovalve spool displacement xyj(t) and the actuator load Fp;(t)
if the nominal vehicle and actuator velocities and accelerations and the vehicle
mass fraction M are known. For purposes of a linear analysis, the equations need
to be simplified considerably. Appendix A indicates that the simplest linearized

form of equation (8) is
MV 2
[} o
AF(t) = W xpl(t)
(9)
¢ M, ipl(t)

where M, is the average reflected inertia at the actuator corresponding to the
vehicle mass. The remaining dynsmic equations can be linesrized in a standard
manner for small perturbations about a mean operating condition, resulting in a
transfer function relationship between xpi, xyj and Fp {11].

X X v.s
ce t
R ra® ot O dy) ~ an
sx_,(s) = b
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Kq = Servovalve flow gain, —Ev—l——
1)
1 Y
4 Cy¥ \/,5 (Pg-(Pyy-Pr2dy)
(3L
K. = Servovalve flow-pressure coefficient, 13;;:$;;}
12) (
8 cd"(xvl)m \//f 1
2 olPg-(P1y-Praly), g
and 1
EEE S
Ke 8% *Cp* 3 (13) |
The servovalve dymamics are represented by a first order model [12) as shown in {
Figure 6. -
Energy efficient operation of the servomechanism requires that P; be adjust- {J

ed for differ=nt operating conditions to keep the pressure drop across the servo-
valve low for a given flow rate. As a consequence, the value of the flow gain

is low. This fact, in itself, is not a disadvantage if the controller design ¢ ’i
be altered, as mean operating conditions change, to msintain a high loop gain. t
However, the gains K, and K. are more sensitive to changes in the supply pressure

P;, the mean load prgssure ?PII'PIZ)n and the mean spool displacement (x,;), 23

a result of the low servovalve pressure drops. ]

K Cy¥
> = (14)

s WRTP TP P L)) {]
2 c 1
q .. d (1s) !
3Py -Pyody 2/9(93-(?11-P12Tn) ?]i

]
3K Cc.W ‘
< - d (16)

R K e e
vi‘a  2/p(P~(Py,-P o)y

Therefore, parameters in the linear system represented by equations (10)-(13) and
in the controlled system of Figure 6 change significantly during the contact
phase of the walking cycle. Therefore, one objective of controller design based
on the linear model of the system should be to reduce the sensitivity of the
controlled system performance to changes in the parameters Kq and K.

Another consequence of nearly wide open servovalve operation during the con-
tact phase is s high value of the flow-pressure coefficient Kce. Higher Kce re-
sults in s lower stiffness of the velocity servomechanism to the actuator load
FL1. Since the actuator load Fi1 is expected to be high compared to the inertial
load AF for s legged vehicle, another objective of controller design should be to
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improve the servomechanisa stiffness.

Some compliance is desirable in vehicles used for locomotion over rough
terrain. The achievement of active compliance for a legged vehicle, by sppropri-
ate formulation of the supervisory control algorithm, has besn described by Klein
and Briggs {13]. It is desirable to modify the supervisory control algorithm to
utilize the velocity servomechanisa compliance to the extemt possible.

Let us consider the following parameter values for the servomechanisa
components for the purpose of conducting a linear anslysis.

Servovalve Actuator

W+ 2.5¢ ca (1.0 in) A = 16.1 ca® {2.5 ind)

¢ =0.61 Ve = 462 ca® (30 in%)

(x ) = 0.0770 cm (0.0303 in) C. = ca?/sec /o in%/sed
vl max ip ccp .0 -ﬁé’_(o psi

T = 0.00634 sec

Load Fluid Pro ies
N-sec? N-sec ?

Mt = 13847 : (949.5 slugs) p = 833 =
-v 1bf-sec?
(0_73 X 10 T)

« o K&-sec 1bf-sec
B, = 0 - (o =) 8, = 68975 L (100,000 2% )
The parameters correspond to a 56.7 pa (1S gpm) two-stage electrohydraulic
servovalve. The drive actuator is sized to provide adequate force and flow rate
capability for a 1361 Kg (3000-1b) six legged vehicle using the leg design re-
ferred to in Figures 2,3 to operate at speeds of up to 8.0 Xa/hr (5 mph) and over
terrain with up to a 50% gradient, if a maximum supply pressure of 2069 N/cm?
(3000 psi) is available. The leg design being considered also results in a leg
cycle time of approximately 0.93 seconds for a tripod gait at 8.0 Xm/hr (5 mph).
The reference input to the velocity servomechanism is, therefore, & periodic in-
put with the same period as the leg cycle time.

If a fixed controller is used in the servomechanism of Figure 6, the system
dynaaic response and the operating efficiency would change with the mean operat-
ing conditions. The variation in the system dynamic response is reduced if the
supply pressure is maintained constant at a value of one and one-half times the
maxisun expected load pressure, but the system efficiency variation is greater
{11]. 1If the supply pressure is adjusted to match the mean operating conditions,
the efficiency variation is reduced but the systea dynamic response varies
considerably.

Table 1 indicates the closed velocity loop performance for a proportional
controller with gain Ky, at different operating conditions. For each operating
condition, the mean load pressure at the sctuator snd the mean actuator velocity
are also tabulated. The controller gain K is selected for each operating condi-
tion to give a 60° phase margin based on the linearized servomechanisa model for
that operating condition. The results in Table 1 indicate that variation in the
systea dynamic performance for a wide range of operating conditions is reduced
by controller adjustment. Also, for a specified operating condition, the system
dynaaic performance can be maintsined at about the same level even if the supply
pressure is reduced to improve the system operating efficiency. For instance,
supply pressure reduction from 1655 N/cm? (2400 psi) to 1104 N/ca’ (1600 psi) for
2 4.0 Ka/hr (2.5 mph) walking speed over a S0% gradient improves the mean operat-
ing efficiency from 56% to 84\ while controller adjustment saintains the same
dynamic performance. The closed loop bandwidth and the steady state compliance
achievable also seem appropriate for the application. They should result in the

actual leg velocity tracking the desired leg velocity ressonably well, for the
range of walking speeds and leg loads expectfed.
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N
Mean Load Walkang | wean Supply Gain 3+db Steady Steady ' :
Pressure Speed Actustor] Pressure l.l'l‘ Closed State State ;
Gradient ® P, (ka/hr) | velocaty] Py (sec) Velocity | Rrrer for Conpliance
112 G (Weaty Loop Uit velocay | 110° :
(V/en') pt’a o Sandvideh | Step Ingut (cu/ sec-H) -
(carsec) 0u) | (asec) i
W [X) Fid [ 5.0 g. ()
o0 2.2 4.0 X} 552 . 7 R H! i
8.0 49.5 552 _3"2' :eg' 'xh ~ "3"&1—. — 10 . JI
\
52 0.031 7.0 0.066 1.08 :
e s.9 [T 0.0063 14.0 0.18) 1.20 !
1104 0.0028 12.5 0.283 L.18 N
17| e 852 0.009 19.9 0.022 0.89 |
a0 24.9 " 0.020) 17.3 0.085 1.07 Py
1104 0.0089 15.7 0.11 1.18
.0 48.§ [T Q.0488 19.4 9.020 0.92
1104 0.0214 18.0 0.049 .02 N
1104 o.0848 | 17.3 0.061 1.07 \
1.6 9.9 1380 0.00658 | 14.1 0.177 1.19 i
1858 0.00201 | 12.8 0.277 1.7 "
oy 928 1104 0.111 2.1 0.02 0.08 1
4.0 24.9 1380 0.0213 17.3 0.062 .08 .
1688 0.0000 1.7 0.110 1.18 N }
) L
-

Table 1. Center Leg Velocity Servomechanism Performance Based on a Linear
Model.

A proportional controller is the simplest type of controller that can be
used. Alternative controllers can be designed to improve some aspects of the
systen dynamic performance at the expense of others. The closed velocity loop
performance given in Table 1 indicates, however, that a generally satisfactory
level of performance can be achieved even with proportional control, if the con-
troller gain is adjusted as mean operating conditions change. The details of
the controller gain adaptation would need to be investigated further to emsure
satisfactory transient response of the controlled system as the operating condi-
tions change.

As a first step towards s better evaluation of the closed loop systes per-
formance, its dynamic behaviour during the contact phase is simulated using the
Continuous Systems Modeling Program, CSMP [14]. The nonlinear dynsaic equations
(1)-(8) are simulated for some of the operating conditions noted in Table 1.

The load force Fr1(t) on the drive actuator, the share of vehicle mass assigned
to the leg M, the mean vehicle velocity Vg, the desired actuator velocity vo and
acceleration ap are computed as functions of time corresponding to a constant
valking speed in tripod gait and are used to characterize the actuator loading in
equations (7) and (8). Because of the manner of computation of M, the simulation
is valid only for small variations of the actuator trajectory about the nominal
trajectory corresponding to the constant speed tripod gait assumed. A propor-
tional controller with gain Ka and a first order representation of servovalve .
dynamics are assumed as in Figure 6. The servovalve and actuator psraseters and
the fluid properties noted in equation (17) are used in the simulation. Limits
on the servovalve spool displacement and upper and lower pressure limits of Ps
and O are also included in the simulation. The dynamics of the supply pressure
control loop are neglected and Py is assumed to be constant for each simulation
Tun.

Figure 7 shows the simulated response of the velocity servomechsnisa during
the contact phase of the walking cycle. The velocity error is low except when
the leg contacts the ground. The stiffness of the servomechanisa is acceptable
but is limited by the supply pressure of 1104 N/cm® (1600 psi), as indicsted bythe
wide open servovalve during the initial part of the contact phase. The aversge
efficiency of the valve actustor combination during the contact phase is approx-
imstely 84%. It should also be noted that the proportional controller gain used
for Figure 7 is a factor of 1.5 times the gain listed in Table 1 for the same
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operating conditions. Other simulstion runs also indicated that controller gains
higher than those suggested by the linear analysis can be used in the simulation
without degrading system stability. .

V°, 'Q.‘pl
308 cm/30c
12)T (an/sec

Bfficiency

100 5.4 1

10.0|
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Fig. 7. Simulated Response of the Velocity Servomechanisa - Pg = 1104 N/ca?
(1600 psi}, V_ = 4.0 Ka/hr (2.5 aph), KleKt = 0.162 sec, SO%
Terrain Gradilnt.

The simulation runs noted in Figure 8 indicate that average efficiencies of
about 80% can be achieved together with good dynasmic response at moderate and
low speeds and at aoderate and high load levels. Efficiencies at high speeds
and low loads are limited by the relatively large valve pressure drops at high
flow rates and by the fact that servovalve supply pressures for two-stage servo-
valves have to be maintained higher than a threshold level for proper operation,
even for low load levels. Another limitation on reducing supply pressure is that
the servovalve dynamic response degrades as the supply pressure decreases. There
are definite efficiency gains to be achieved, however, by oversizing servovalves.
For instance, if a 113 ipm (30 gpm) servovalve were used for the present applica-
tion, the average efficiency for a 8.0 ka/hr (S mph)walking speed, 18% terrsin
gradient and 517 N/cm? (750 psi) supply pressure would be 70% instead of the 44%
noted for curve (c) in Figure 8.

The analysis and simulation results indicate that the linear model of servo-
mechanisa dynamics represented by equations (8)-(9) and Pigure 6 leads to the se-
lection of lower controller gains than those suggested by the simulation. One
possible refinement in the modei is a describing function description of the kine-
matics of the linkage leg [15]. The resulting model would enable a better evalua-
tion of proposed controller designs than the linear model and would have reduced
computational requirements as compared to the computer simulation presently used.

The results cited also indicate the importance of controller adjustment as
mean operating conditions change, to help achieve good servomechanisa dynamic re-
sponse and operational efficiency. The nonlinear and time varying nature of the
servomechaniss dynamics suggests that controller designs requiring an accurate
model of the system dynamics would not be feasible. Since controller adsptation
is considered desirable, a model reference adaptive control scheme may provide
the necessary framework for controller adaptation. Such a controller has the

additional sdvantage of not requiring a complete model of the system dynamics {16].
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Fig. 8. Efficiencies During the Contact Phase for Different Operating
Conditions.

amic Analysis of Balanced - Area Actuators Connected in Series and Controlled

y Four-Way Servovalves
Figure 9 shows two balanced-area actuators connected in series and controlled

by servovalves. The dynamic equations describing system behaviour are straight-
forward extensions of equations (1)-(8) and are not listed here. The pressures
P12 and P21 in the actuator chambers connected to each other are assumed to be
the same. The series connection of the actuators couples their dynamic behaviour.
The coupled differential equations can be linearized as for the single cylinder
case. WNe make the additional assumption that the actuator internal and external
leakage coefficients Cjp and Cep are negligible since the mean servovalve spool
displacements (xy1)m and (xy2)m are high during the contact phase and result in
large values of the valve flow-pressure coefficients K1 and Kc2.

P

]
:

CSISIEED 4]

P11 P12 ’a %2
fu 2
————y | re——
2
*p 2

Fig. 9. Valve-Actuator Configuration for Corner Legs.

The resulting coupled fourth-order differential equations are given below,
sssuming the servovalves to be open in the directions shown in Figure 8.

Al(s)xpl(s) + Bl(s)xPz(s) . Cl(s)xvl(s) . Dlts) FLI(S) 17)

(s)x_,(s) » B,(s)x_,(s) = C,(s)x_,(s) + D,(s) F,,(s) (18}
Ay(s)xy, 2(8)%,, 2(8)%y, 2(8) Fr2

where
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A(s) 8 ﬁ;_:civl (1 . ;E':' [é}- . i:_z] . ;%;%xc_x‘—c;) (4,548 13)
. At (21(cz . %: s) (zxcl . ;f s) (19)
‘1 () 4 - Apz (z‘cl * ;EE) (ZKcZ * ;EE (20)
HOW :l’-;-:ﬁl (=, - ;;E) (21
AZ(S) é - Ap2 (zxcl ¢ %E) (ZKCZ ¢ ;EE) ; 2%
B,(s) § 2&}.{&"‘. (1' . Z_;:_ [7:_1 . if:z-] . %{;m) ("tz’z"pzﬂ
* Ap2 (zxcl * :%E) (zxcz" ;8% s) 29

c,(s) § ilg:& (2% + 5 3) (25)
e

4 K .V V. s V. °s
lc2't t 1 1 t
D(s)A-—B—-—-‘: (10-‘5—[—.— T (26)
2 = e e K4:1 KCZJ 1 e clec2
The linearized valve coefficients qu. qu, Kcl' Kcz in the equations above

are defined by

3Q
Ka 8 (’é"‘xx = CV5 (Py-Pyy)y)
1 vi‘m

x, . i
K2 8 (3_:“,2) . Vs (Pada

(27a)
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K, 8-3 (”1 . Sa"xyy)y 2
L ® #)1/a | plis'tilljlj
(27v)
x al (3‘22 a7 WA
€287\ , 4 P(Py2)y

My 3, Mpo are average reflected inertias at the two actuators correspording to the
veﬁicle mass.

The dynamics of the valve-actuator combinations are therefore represented by
a multivariable system with two control inputs x,;(t) snd x,2(t), two disturbance
inputs Fyj(t) and Fiz(t) and two outputs X, (t) and ipp(t).

:vl(s)

sx (8) 6,79 6,7, N T NP 08

sx52(5) ] INORCNOIE MIONE WIOT I NC -
Flals

The elements of the transfer function matrix are defined in terms of the polyno-
mials in equations (19)-(26).

The same parameter values are used as in the single actuator case with the
exception of the reflected inertia M, and the servovalve time constant T. Mg}
and M., are each assumed to be 6924 N-sec/m® (474.7 slugs) and the servovalve
dynamics are considered to be negligible. The servovalves in the two servo-
mechanisms are assumed to operate identically at steady state resulting in the
linearized valve coefficients in equation (27) being the same for the two servo-
valves. The coupled servomechanisms, therefore, have identical dynamic charac-
teristics.

Table 2 indicates the closed velocity loop performance based on the linear
model, for proportional controllers with identical gains K, for the two servo-
mechanisms. K, is selected to be the same as for the single actuator case at the
same operating conditions. The resulting values of steady state accuracy and
compliance are therefore identical to those in Table ! for similar operating
conditions. Table 2 indicates, however, that the 3-db closed loop bandwidths are
lower for the coupled servomechanisms. The closed loop bandwidth is evaluated
assuming that the two servomechsnisms have identical reference inputs v,;, V5.
Computation of the closed loop poles indicated that the system was stable in the
three cases examined. The degree of stadility of the coupled servomechanisms
was not determined.

[ 3-4b Steasy
ean Losd Actustor Supply Gatn Closed State

Pressure wlkin Velecity "":“"" LEs Velecity frrer for

LSO ] "pl)-"'ﬂ" s, atst Lesp umit Velecity

Gredrent wreat) (Ravnr) (cavnec) e’y | (sec) | Bamimdih [ Step lpwt
o 1.2 .0 .9 me 0.0810 14.2 9.034
17.08 ™ .0 " [T 00008 1.8 0.028
[T m .0 .9 1106 0.112 18.1 0,020

Table 2. Comner Leg Velocity Servomechanism Performance Based on a Linear Model
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A more extensive investigation of the dynamic behaviour of the series-
connected actuators is called for and will be undertaken shortly. It is expected
however that, as for the single actuator case, there will be a need to adjust
controller parameters as a function of the mean operating conditions to achieve
?igh opersting efficiency and good dynamic response of the velocity servomechan-

s®s.

The controller analysis and design problem is more complex for the series-
connected actuators because of the multivariable nature of the system dynamics.
Available frequency response techniques for multivariable control system
analysis and design should however prove to be applicable here [17].

CONCLUSIONS

The above analysis is useful in evaluating the drive circuit comcept
described. It indicates a weakness at low load and high speed - an important
condition for this application. Moreover, the series connection of the actuators
in this drive circuit concept would pose problems in walking gaits other than the
tripod gait. An alternative drive circuit concept described by Waldron et al.
{10] uses a bleed rate control configuration and should be superior to the drive
circuit described here for both these conditions of operation. However, its dy-
namic response is expected to be inferior to that of the drive circuit described
here. The analytical and simulation study will be extended to the alternative
drive circuit concept to allow a proper comparison of both designs.

The analysis and simulation results presented indicate that the controller
design problem for the velocity servomechanisms becomes more complex as a result
of two features of the hydraulic system designed to improve mechanical efficiency-
servovalve operation at low pressure drops and the series connection of drive ac-
tuators for load distribution. However, controller adjustment as a function of
the mean operating conditions does enable higher operating efficiencies without
degrading system dynamic response. The study also suggests appropriate techniques
for dynamic system analysis and controller design.

Because of the multiple functions required of each hydraulic circuit, the
design of these circuits is exceedingly complex and very specific to the appli-
cation. Although not applicable to other types of robots at present, these ideas
can be expected to become important as new and more complex robot concepts are
developed. Expected developments in dynamic system analysis and controller
design will however be relevant to other current robotic applications.
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APPENDIX A

We wish to derive a relationship between the excess force AF(t) at the drive
actuator and the velocity and acceleration of the actuator piston and the vehicle
center of mass.

In general, the relationship between the vehicle acceleration A and the
actuator velocity xg and acceleration xp, for a vehicle using a linkage leg of

the type shown in Figure 1, is
v, x_.? v
1 (t o -
A-;:x (:)o—L;}-l At (A-1)
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Vo and A, are computed nominal vehicle velocity and acceleration and v, and a,
are the corresponding values of the actuator velocity and acceleration, for a
specified actuator position.

Assuming conservation of mechanical energy and neglecting changes in kinetic
and potential energy due to changes in the linkage geometry and in the elevation
of the vehicle center of mass, the force at the actuator for a vehicle moving on
an incline, is

MV
F(t) = F (8) + &F (t) = =2 (A + g sin a) (A-2)
o
a is the angle of the incline and M is the share of vehicle mass seen by the
actuator. M depends therefore on the positions of all the legs in contact with
the ground.

Combining equations (A-1) and (A-2) and noting that

MV° )
FLl(t) = -;: (Ao + g sin &) (A-3)
we get
MVO V° Ao - Voao -
AF(t) & —— (— X . (t) + x ,¢(t) - x . 2(t) - A) (A-4
(t) v (v° pl( ) ;;7 p1 Vo’ pl ) o )

In general, the determination of M requires that the equations of motion of the
entire vehicle be solved simultaneously to determine the leg positions and then
the leg loads. For the present paper, the leg load distribution corresponding

to tripod gait is used to determine M. For the center legs, M is one-half the

vehicle mass.

The simplest linearized form of equation (A-4) is obtained by assuming that
the vehicle moves in tripod gait at constant speed V, and that the corresponding
actuator acceieration a, is negligible. Figure 3 indicates, however, that this

is not really the case.

MV 2
AF(t) = T727;7 ipl(t) (A-5)
o
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Appendix 3

(3%A-2)
/%%3%%% FILE: GBLF34.PAS ¥82%XX%/

A 22323t bi st iitititibtedtsedtsissedsittssisstiitisstis g

/% s/
/% FUNCTION: THIS FILE CONTAINS GLOBAL DECLARATIONS FOR %/
/% ROBOT 3.4, THE EXECUTABLE FILES WHICH SHARE %/
/% THESE GLOBALS ARE! x/
/% s/
/% ROBT34.PAS PLAN3A.PAS FDOT34.PAS %/
/% INIT34.PAS LINE34.PAS SERV34A,.PAS x/
| /% DLNK34.PAS LIBR34.PAS %/
/% x/
/EBEEBERRRTEE LR AR RL LR XA L ERXANEEER KRR RS XXX AEEREERRAIXEEARRABERE/
CONST
Pl = 3.,141594
FSCALE = -200.01 /% FORCE SCALE FACTOR %/
MAXSTROKE = 12,04 /% MAXIMUM FOQOT STROKE £/
MOVE = TRUE}$ /% SWITCH TO ENABLE SERVOING s/
NOMOVE = FALSE; /% SWITCH TO DISABLE SERVOING %/
TYPE
ARRAYS = ARRAY[1..61 OF REAL}
ARRAY18 = ARRAYCO0..173 OF REAL/
{ MODETYPE = ( RANDOM» NEUTRAL» PREWALK:
i CRUISE, SIDESTEP, TURN Y]
VAR
MIDSTX» MIDSTY, /% MIDSTANCE COORDINATES ¥4
RPHASE » /% RELATIVE LEG PHASES %/
XFA» YFA» ZFA, /% ACTUAL FOOT FORCES %/
XFDs YFDy» ZFD, /% DESIRED FOOT FORCES x/
XFF» YFF, ZFF, /% FILTERED FOOT FORCES /
XPAs YPAy ZPAy /% ACTUAL FOOT POSITIONS x/
XPDs  YPDy ZPD. /% DESIRED FOOT POSITIONS x/
. XRD» YRDy ZRDy /% DESIRED FOOT RATES %/
‘ ZPTERM /% Z POS. TERM FOR ATT. CONTROL %/
t ARRAY6}
] ZEROFORCE /% TRUE FORCE OFFSETS s/
; ! ARRAY18)
. FZERD /% FLAGS FOR FORCE ZEROING x/

! ARRAYC1,..6) OF BOOLEAN)
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ATTITUDE» /% SUWITCH FOR ATTITUDE CONTROL &/

COMPLIANCE» /% INDIRECT COMPLIANCE SWITCH b 74

OPTIMIZATION, /% SWITCH FOR OPTIMAL FORCE L Y4

PASS1, /% SWITCH TO INITIALIZE FILTER %/

SAVE /% SWITCH FOR DATA AQUISITION X/

SPRING . /% SWITCH FOR ACTIVE COMPLIANCE x/
! BOOLEAN#

COMMAND /% OPERATOR INPUT COMMAND 74
! CHAR}

LASTCLOCK, /% STORAGE FOR CLOCK BUFFER %/

TOTALCLOCK : /% CLOCK TICK ACCUMULATOR ¥4

! INTEGER!} .

MODE /% HEXAPOD OPERATING MODE %/

! MODETYPE} o
BETA» /% LEG DUTY FACTOR x/ ,:?
DPSI, /% FILTERED TURN RATE COMMAND %/ .
DT, /% DELTA TIME (SEC) %/ L
FOOTLIFT, /% FOOT LIFTING HEIGHT %/
MIDSTZ, /% MWIDSTANCE Z COORDINATE %/
NVELXs NVELY, /% OPERATOR VELOCITY COMMANDS %/ 0y
NDPS1, /% OPERATOR TURN RATE COMMAND %/ ;}
PERIOD, /% PERIOD OF KINEMATIC CYCLE x/ :
PHASE» /% KINEMATIC CYCLE PHASE %/
RADIUS, /% RADIUS FROM CG. TO MIDSTANCE %/
SPERIOD- /% SUPPORT PERIOD (SEC) */
VELXs VLY /% FILTERED VELOCITY COMMANDS %/
VELMAX /% 'MAX FOOT VELOCITY COMPONENT &%/

it REALS i

y

SUPPORT /% SET OF LEGS IN SUPPORT PHASE %/

t SET OF 1..6% ]

=
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/888888 FILE! RODT3IA.PAES 388883/

gt titititititeiiitsiitiigi el ¥y
/8 PROGRAN! RODOT 3.4 | 74
/888SBERERRARSERESLTRRBRERRERER/

pas ittt eideeitidtististiitedtibetisteitpdtistigedtistsdtetds ¥
/% PROGRAMMERS: TED CMHANG,» DENNIS PUGH

/% DATE! 30-HAR-02

/%

/% PROGRAMMER

/% GUIDE! >PAS ROBT3I4=GBLF34,ROBT34
/% >MAC ROBT3I4=ROBT34

/% >TKD @ROBT34

/%

7% LINK FILES? LIBR34

4 PLAN34 -

/8 FOOT34

/% SERV34

/% DLNK34

/% INIT34

4 LINE34

/% KYCK34

/% POWR34

/%

/78 USER GUIDE: >RUN ROBT34

/% THE PROGRAM PROMPTS FOR INSTRUCTIONS
/%

/% (THIS PROGRAM IS TO RUN ON THE PDP 11/70)
/%

¥/

[A2333 3333333023322 bep et bedbd it tiseaidsptiitidtsiitid sty Vg

CONST ZRMAX = 6.0

TYPE CAPITALS = ‘A’ ,s’2'}

.

/% MAXIMUM FOOT Z - VELOCITY

CHARSET = SET OF CAPITALS}

SETARRAY =
VAR DPSINAX IREAL S
VTNAX IREAL}

BETAMODE (INTEGER}Y

LETTER SCHARS
HALTSET SCHARSET)

NEXTCOM $SETARRAY}

ARRAYL MODETYPE 1 OF CHARSET}

/% MAXIMUM TURN RATE
/8 MAX, FOOT VELOCITY COMPONENT

/% LEG DUTY FACTOR INDEX

/% LOOP INDEX

/% SET OF COMMANDS FOR WHICH
/% HEXAPOD NALTS AFTERWARD
/%8 SET OF VALID COMMANDS FOR
/% FOR EACH MODE
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PROCEDURE

PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
PROCEDURE
FUNCTION

NORMALIZE} EXTERNALI}

INITIALIZE$ EXTERNALJ

HALT? EXTERNAL?}

UPDOMNC HEIGHT! REAL )3 EXTERNALS
PLANMOTIONS} EXTERNAL}

CLOCKINITS EXTERNAL)

KEYINT) FORTRAN}

KEYCK(VAR COMMAND: CHAR)} FORTRAN}
KYWAIT} FDéTRﬁNi

IOKILLS FORTRANS

INQUE; FORTRANS

TESTONS EXTERNALG#

TURNON} EXTERNAL}

TURNOFJ EXTERNALS
DELTATIME! REAL} EXTERNAL)

BEGIN /% STARY MAIN PROGRAM 8/

rgtititiditiiitieititiisitiidyy
/% PARAMETER INITIALIZATION x/
/3REBREERAERALBERLARERERERNRRR/

FOOTLIFT (= S5.0%
BETAMODE (= 4}

/%%  ASSIGN MIDSTANCE POSITION xxx/

HIDSTXC1]
MIDSTXC3)
MIDSTXCS]

MIDSTYL1)
MIDSTYC31
MIDSTYLS]

MIDSTZ (=
RADIUS i=

= 22,735 + 1.4363 MIDSTXL2] = 22,75 + 1.4343

i= 1.436% MIDSTXL4] i= 1.436%

im =22.75 + 1.436}% MIDSTXC4A] (= -22,75 + 1.436}

= «24,04 MIDSTYC2) t= 24,04

i= =24,0) MIDSTYL4] i= 24,0}

t= -24.04 MIDSTYL4]D (= 24,08

17.09

SQRT( MIDSTXC1] % MIDSTXI1] + MIDSTYC1) % MIDSTYC1] )i

| o -wnes SRR sxmveer s B
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/388 NEXTCOMMAND DECLARATION xx3/

NEXTCOML RANDOM 1 s C/'I/9'N's'N'»'X’]}
NEXTCOMC NEUTRAL 1 3= C/Dr’I1/0'M’9'N’91°U’9’X’12}

NEXTCOMC PREMWALK 1 t= C/C’y’H’o 1 /o' M 2/ N 9’'T’'y'X"v'7'2}
NEXTCOMC CRUISE 1 im C/B’»’F o’H’e’Ls’P’9’R’9’S’»'X’' 2}

NEXTCOML TURN 1 ta C'H'»’'P 9’8’ 9y'X'1}
NEXTCOMC SIDESTEP J (= [‘H’»‘L’9»’R’»’X’]}

HALTSET $m CL/Mo'N/9’13'H2’U' 9D/ s'C’2’T 9’29’0’ 1%

WRITEC CHR(27)y ‘[2J4°)%
WRITE( CHR(27)» ‘C131H’)}

/% ERASE SCREEN 3/
/% CURSOR TO HOME =/

TESTON} /% POMER UP THE HEXAPOD %/
TURNOF $ /% SWITCH OFF MOTOR POMER UNTIL NEEDED x/

/SBEEBAXBEXREBERRRBRERR/
/t DISPLAY MENU t 74
attidtittidtidtiizeids ¥

WRITE( CHR(27)» ‘L2J")}%
WRITEC( CHR(27)» “C1H1H’)}

/% ERASE SCREEN %/
/7% CURSOR TO HOME %/

WRITELNC'ENTER N YO NORNALIZE THE LEG POSITIONS
WRITELN(’ U YO MOVE THE BODY UP

WRITELN(’ D TO MOVE THE BODY DOWN

WRITELN(’ I YO INITIALIZE THE LEG POSITIONS
WRITELN(' W TO MODIFY THE PARANETERS

WRITELNC’ X TO EXIT THE PROGRAM EXECUTION

WRITELN(’

WRITELN(' C 70 ENTER CRUISE MODE

WRITELN(’ T TO ENTER TURN-IN-PLACE MODE

WRITELN(’ Z TO ENTER SIDESTEP MODE

WRITELN(C’

WRITELN(' F TO INCREASE FORWARD VELOCITY COMPONENT
WRITELN(' B TO INCREASE REARWARD VELOCITY COMPONENT
WRITELN(” S TO INCREASE CLOCKWISE TURN RATE
WRITELN( P 70 INCREASE COUNTERCLOCKWISE TURN RATE
WRITELN(’ R 70 INCREASE RIGHTWARD VELOCITY COMPONENTY
WRITELN( L 7O INCREASE LEFTWARD VELOCITY COMPONENT
WRITELN(” H TO HALT MOTION

WRITELN}
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BETAMODE = ‘)i
‘Y
FOOTLIFT = ‘)3

a1
COMPLIANCE )}
gl
OPTINIZATION’)}
21

ATTITUDE  ‘)}
cmmmmecm———— ~—-)b
21

AQUISITION )}
TINE a1

%1

‘)

a1
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/%88 SET TERMINAL CHARACTERISTICS 38/

WRITE( CHR(27), ‘C74]1° )¥ /% SET TO NOSCROLL %/

WRITE( CHR(27)» ‘[20322r’ )} /% SET SCROLLING REGION 3/
WRITE( CHR(27y ‘L[?861° )} /% SET ABSOLUTE ORIGIN MODE %/
WRITEC CHR(27)y, ‘C2081f‘ ) /% CURSOR TO SCROLLING REGION 8/

KEYINT? <€ PLACE KEYBOARD INPUT REQUEST ON QUEUE »
CLOCKINITS <{ START PROGRAMMABLE CLOCK ?}

/XRERBRREERRELREARRAREXRRLASXRE/
/% REAL - TIME OPERATION 8/
rgiiteisitetititiisittisitins ¥y

COMMAND := "M’} <{ ENTER MODIFY SEQUENCE INITIALLY )
MODE := RANDOM)

REPEAT { UNTIL COMMAND = ‘X’ )
WRITE( CHR(27), ‘C2211H‘ )$ { CURSOR TO SCREEN BOTTOM )
WRITE( CHR(27), ‘COm’ )} { NORMAL CHARACTER ATTRIBUTES )}
WRITELNY
WRITELN( COMMAND )}

IF NOT ( COMMAND IN NEXTCOMC MODE 1 )
THEN ( COMMAND IS INVALID )

BEGIN {
WRITELNC CHR(13)y CHR(27))’'$68%X% INVALID COMMAND 82%x7)} z
WRITE( ‘VALID COMMANDS ARE: ‘ )} e
FOR LETTER (= ‘A’ TO ‘Z’ DO

IF LETTER IN NEXTCOMC MODE ] THEN WRITE(’ ‘sLETTER)) P
WRITELN}

———
I

IF MODE IN C RANDOMs NEUTRAL» PREWALK 1
THEN COMMAND t= ‘W’ < WAIT
ELSE COMMAND = ‘G’3 { GO >

i raany

END}
{ END IF >

—
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IF COMMAND IN HALTSET

THEN
BEGIN
CASE COMMAND OF
‘Nt BEGIN
: NORMALIZE)
. MODE i= NEUTRAL})
END}
‘18 BEGIN
.- NORMALIZE}
INITIALIZES
MODE (= PREWALK}
END$
‘u’l UPDOMN( 24.5 )i
‘DY UPDOMNC( MIDSTZ )i
‘WS BEGIN
HALT?
MODE 3= PREWALK)
SAVE (= FALSE}
END}
‘. BEGIN
TURNON?
WRITELN}
WRITELN( CHR(27),
MODE = CRUISE}
SPRING = COMPLIANCES
PASS1 != TRUE)
END) .
. ‘TS BEGIN
. TURNON#
1. WRITELNY
WRITELN( CHR(27),
MODE = TURN)

———t

*

PASS1 (= TRUE)
END?

BEGIN

TURNON#

NRITELN}

WRITELN( CHR(27),
MODE ¢= SIDESTEP}

{

o B s

PASS1 = TRUE)
END}

ooy
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SPRING = COMPLIANCE}S

SPRING (= COMPLIANCE}

{ SWITCH OFF DATA AQUISITION >

‘$6%%% CRUISE MODE =xxx’)i

{ ENABLE ACTIVE COMPLIANCE >

{ FLAG FOR FILTER INITIALIZATION )}

‘$#63%% TURN-IN-PLACE MODE #2x’)}

{ ENABLE ACTIVE COMPLIANCE >
FLAG FOR FILTER INITIALIZATION )

‘#6%3% SIDESTEP MODE %%%°)3

{ ENABLE ACTIVE COMPLIANCE >

{ FLAG FOR FILTER INITIALIZATION }




‘nrl

{x28)

{532}

BEGIN

IOKILLS { CANCEL INPUT REQUEST >

WRITELNS

WRITELN( CHR(27), ‘#6PARAMETER MODIFICATION’)}$
WRITELNS

WRITELNC( ‘CHANGE BETA?’)}
READLN( LETTER )}
IF LETTER = ‘Y’ THEN

REPEAT

WRITELN('PLEASE ENTER DESIRED BETAMODE:‘)s
WRITELN(’ 21! BETA = 5/6 2% BETA = 3/4')%
WRITELN(’ 3! BETA = 2/3 4! BETA = 1/2')%
READLN(BETAMODE) }

UNTIL DETAMODE IN C1+2+3,413
WRITE( CHR(27),»7’y CHR(27)»‘L1367H’y CHR(27),'Cin’ )}
WRITE( BETAMODE:!1, CHR(27)s ‘8’ )}
WRITELN?}
WRITELNS

CASE BETAMODE OF
18 BETA t= 0.8333F3 { 576 >
2t BETA (= 0,753 { 374 »
3 BETA != 0.6667% ( 2/3 >
L BETA (= 0,5 <172 )
END3/%8 CASE &/

/%88 ASSIGN RELATIVE LEG FHASES %%/
RPHASEL1] 3= 0.0}

RPHASEL2] is 0.5%

RPHASEL3]) = BETA}

RPHASEL4) t= BETA - 0.5}

RPHASELS] (= 2.0 % BETA - 1.0}

RPHASELS4] != RPHASELS] + 0.5}

RPHASELA] "i= RPHASEL6] - TRUNC(RPHASEC&1)}

WRITELNC( ‘CHANGE FOOTLIFT?’ )}
READLN( LETTER )}
IF LETTER = ‘Y‘ THEN
REPEAT
MRITELN( "ENTER NEW VALUE OF FOOTLIFT' )4
READLN( FOOTLIFT )4
UNTIL ¢ FOOTLIFT >= 1,0 ) AND ( FOOTLIFY <= 12.0 1}
WRITE( CHR(27),°7’, CHR(27)»’C3367H’y CHR(27),'C1n’ )}
WRITE( FOOTLIFT:4l1ly CHR(27), ‘8’ )i
WRITELN}
WRITELN?

VTMAX = ZRMAX % MAXSTROKE / ¢ FOOTLIFT % Pl )}

IF VTHAX > 4,0 THEN VTMAX (= 4,05 { IN. PER SEC }
VELMAX (= VUTMAX 8 ¢ 1.0 - BETA ) / BETA}

DPSIMAX = VELMAX / RADIUSI
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{2382 WRITELNC ‘TURN ACTIVE COMPLIANCE ON?/)}
READLN( LETTER )}
WRITE( CHR(27)y ‘7‘y» CHR(27)y ‘C6iS6H’ )#
IF LETTER = ‘Y’
THEN
BEGIN
COMPLIANCE = TRUE}
MRITE( CHR(27)y *C74Silm’ )}
END
ELSE
BEGIN
COMPLIANCE = FALSE}
WRITE( CHR(27),» ‘COm’ )}
END}
WRITE( ‘COMPLIANCE'r CHR(27),» ‘B’ )}
WRITELNS
WRITELNG

{333} WRITELN( °TURN FORCE OPTIMIZATION ON?‘)}
READLN( LETTER »}
WRITE( CHR(27)y ’7’y CHR(27)» ‘L(BIS6H’ )i
IF LETTER = ‘Y’
THEN
BEGIN
OPTIMIZATION = TRUE}
WRITE( CHR(27)» ‘L731SiLlm’ )3
END
ELSE
BEGIN
OPTINIZATION != FALSE;
WRITE( CHR(27),» ‘COm’ )i
END}
WRITE( ‘OPTIMIZATION’, CHR(27)y» ‘8’ )3}
WRITELNS
WRITELNS

{83} WRITELN( ‘TURN ATTITUDE CONTROL ON?‘)3
READLN( LETTER )}
WRITE( CHR(27)y ‘7’» CHR(27)» 'C10356H‘ )}
IF LETTER = ‘Y’
THEN
BEGIN
ATTITUDE ¢= TRUE}
MRITE( CHR(27)y '(74SiLln’ )3}
END
ELSE
BEGIN
ATTITUDE != FALSE}
WRITE( CHR(27)» ‘COn’ )}
END$
MRITEC ‘ATTITUDE’y» CHR(27)y ‘8’ )}
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INQUE) ( REASSERT INPUT REQUEST
MODE 1= RANDOM?

b4

WRITELNS
WRITELNS
WRITELNC CHR(27)s ‘SS4INITIALIZE HEXAPOD ')}
END}
‘Wl
ENDY} { CASE COMMAND )
KYMALT}
KEYCK(COMMAND) ¥

DT i= DELTATIMES <{ UPDATE LASTCLOCK AFTER WAIT

END € THEN

ELSE
BEGIN ’
CASE COMNAND OF

‘F*3 IF NVELX < ( 0.9 & VELMAX )
THEN NVELX (= NVELX ¢+ ( 0.1
ELSE NVELX = VELMAX}

‘B’3 IF NVELX > =C 0.9 & VELMAX )
THEN NVELX $= NVELX - ¢ 0.1
ELSE NVELX 1= -VELNAX}

‘8’3 IF NDPSTI < ( 0.9 % DPSINAX )
THEN NDPSI $= NDPSI + ( 0.1
ELSE NDPSI t= DBPSINAX?

‘P’3 IF NDPSI > -( 0.9 & DPSINAX )
THEN NDPSI = NDPSI - ( 0.1
ELSE NDPSI 1= -DPSIMAX}

‘RY IF NVELY < ( 0.9 & VELMNAX )
THEN NVELY i= NVELY ¢ ( 0.1
ELSE NVELY 1= VELMAXS

i IF NVELY > ~( 0.9 & VELNAX )
THEN NVELY i= NVELY - ( 0.1
ELSE NVELY (= -VELNAX}

‘g’e

ENDI { CASE COMMAND >

PLANMOTIONS < MOTION PLANNING & CXECUTION >
{ UNTIL NEXT COMMAND INPUT >

ENDY { ELSE 2

{ END IF COMMAND IN HALTSET ?
UNTIL COMMAND = X’}
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HALT)

IOKILLS { CANCEL KEYBOARD INPUT REQUEST >

WRITEC( CHR(27), ‘C?40h’)% . /% SET TO SMOOTH SCROLL »/
MRITE( CHR(27)» ‘C1322r)} /% RESTORE SCROLLING REGION &/
WRITEC CHR(27)» ‘C24°)1% /% ERASE SCREEN %/

WRITEC( CHR(27)» ‘C1ILH‘)} /% CURSOR TO HOME ¥/

END.

J—_—
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(BSE+R)

R~

/888%3%% FILE: PLAN3S.PAS RREERR/

/EEAEBRRERTALARLELELEXRXL AR/
PLANMOTION &/
/SEBERRERAREARAREEAXEERAARERRR/

/% PROCEDURE !

ratiit ittt isidtteessitssptetssstisdtsidssidsssintssds vy

/x %/
/% PROGRAMMERS: TED CHANG, DENNIS PUGH . 74
/% DATE! J0-MAR-62 74
/% FUNCTIONS PLAN BODY MOTION TO IMPLEMENT OPERATOR COMMANDS %/
/% USER GUIDE: THE CALLING FORMAT IS! 74
/% PLANMOTIONS %/
/% ’ %/
/% PROCEDURES CALLED!? FOOTLINE, KEYCK %/
/% 1 74
/% GLOBAL VARIABLES! x/
/% REFERENCED!? NVELXs NVELY» NDPSI s/
/% BETA» VELMAX 74
/% MODE L 73
/% &/
/% MODIFIED! VELX» VELY,» DPSI 5/
/% PERIOD» SPERIODs PHASE 74
/% DT L 74
/8 74

Attt 222ttt eidtedtittistedtedti syt siitedetdtts ¥y

PROCEDURE PLANMOTION?

CONST TIMECONST = 0.5}
MINSTROKE = S5.04
RHIN = 60.04

VAR DVELXs, DVELY» DDPSI,
NVEL
LTIMNE,
FOOTRATE,
STROKE
SREAL}

PHOCEDURE FOOTPATHI EXTERNAL}

/2
/e
/%

/%
/%
/%
/%

TIME CONST. FOR INPUT FILTER 8/
MINIMUM FOOT STROKE s/
MIN. TURN RADIUS ( CRUISE ) &/

VELOCITY DERIVATIVE TERNS 8/
VELOCITY COMMAND MAGNITUDE . 74
TEMPORARY STORAGE FOR TIME ¥4
APPROX. FOOT RATE WRT BODY | ¥4
FOOT TRAVEL IN SUPPORT PHASE s/

PROCEDURE KEYCK( VAR COMMAND! CMAR )} FORTRAN}

FUNCTION SIGN( X! REAL )! REAL}

EXTERNAL}

FUNCTION DELTATIME: REALS EXTERNAL}
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BEGIN { PLANMOTION »

IF MODE = CRUISE < SET LIMITS ON VELOCITY COMPONENTS )
THEN
BEGIN

WRITELNC( CHR(27)» “LOm’ )} { NORMAL CHARACTER ATTRIBUTES )

/% SEY LIMIT FOR CRAB ANGLE IN CRUISE MODE %/
IF ABS( NVELY ) > ABS( NVELX )
THEN NVELY = SIGN( NVELY ) & ABS( NVELX )}

/% DETERMINE MAGNITUDE OF COMMANDED VELOCITY %/
NVEL ¢= NVELXENVELX + NVELYSNVELY}
IF NVEL <> 0.0 THEN NVEL (= SORT( NVEL )i

/% LIMIT VELOCITY MAGNITUDE TO VELMAX 2/
IF NVEL > VELMAX THEN
BEGIN ’
NVELX ¢= NVELX /7 NVEL % VELMAXS$
NVELY = NUELY / NVEL % VELMAXS
END}

/8 SET LIMIT FOR DPSI IN CRUISE MODE %/
IF ABS( NDPSI ) > ABS( NVEL / RMIN )
THEN NDPSI i= SIGN( NDPSI ) % ABS( NVEL / RMIN )i

WRITE( NVELX:8:3» NVELY:8!3, NDPSI!8!3 )i
IF ABS(NDPSI) > 0.00001

THEN WRITE( NVEL 7/ ABS( NDPSI ):i8:2)}
END { THEN ?}

ELSE
WRITE( NVELX:8:3» NVELY:83:3, NDPSI:813 )i

{ END IF MODE >
WRITE( CHR(27)s» ‘C1A’ )+ { ENABLE BOLD CHARACTERS 2>
REPEAT {( UNTIL A COMMAND IS INPUT )

/8%% GENERATE DT %23/
DT = DELTATIME}

/888 FILTER THE RATE COMMAND INPUTS 3%/

DVELX != (NVELX - VELX) / TIMECONSTS /% LONGITUDINAL ACCEL.

DVELY t= (NVELY - VELY) / TIMECONSTS /% LATERAL ACCELERATIDN

DDPSI := (NDPS! - DPSI) / TIMECONSTI /% TURNING ACCELATION

VELX != DVELXSDT + VELX? /% LONGITUDINAL VEL.
VELY ¢= DVELY®DT ¢ VELY} /% LATERAL VELOCITY
DPSI (= DDPSISDT + DPSI} /% TURNING RATE
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/88% CALCULATE STROKE & SUPPORT PERIOD =%x8/

CASE MODE OF
CRUISE!? FOOTRATE (= VELX?

SIDESTEP? FOOTRATE = VELY}
TURN? FOOTRATE 1= RADIUS % DPSI;
END} ( CASE

1IF ABS( FOOTRATE ) > 0,00001

THEN
BEGIN

STROKE := MINSTROKE + ( MAXSTROKE - MINSTROKE )

X ABS( FOOTRATE ) / VELMAX}

SPERIOD t= STROKE / FOOTRATES { SUPPORT PERIOD >

END
LSE
SPERIOD = 10000.0}%

PERIOD = SPERIOD / BETAS$ { TOTAL CYCLE FERIOD }

/83%% UPDATE PHASE VARLIABLE 3%/
. PHASE := PHASE + DT / PERIOD + 13
PHASE (= PHASE - TRUNC(PHASE)}

/%88 CALL FOOT TRAJECTORY GENERATION ROUTINE x%%/
FOOTPATHI

/%8%% CHECK FOR OPERATOR INPUT x%8/
KEYCK(COMMAND)}

UNTIL ORD( COMMAND ) <> 04 { UNTIL A COMMAND IS INPUT >

END}
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(X8E+X)
/RRERERX FILE: FOOT34,PAS (322324 ¥
/EREEBERARARXEARAXAAEARAERERNR/
/% PROCEDURE ! FOOTFATH ¥4
Vgt 29333333233323432¢28¢ 874

VA 23 2233322322232t i st oites o it bbb idbidsis s istiieitests vg

/% PROGRAMMERS: DENNIS PUGHs TED CHANG %/
/% DATE! 30-MAR-82 %/
/8 X/
7% FUNCTIONS CALCULATES FOOT TRAJECTORIES TO IMPLEMENT %/
/% THE BODY RATES COMMANDED RY BODY MOTION 'Y
/% PLANNING. 'Y
/% X/
/% USER GUIDE: THE CALLING FORMAT IS: FOOTPATHS %/
/% %/
/% | ¥4
/% PROCEDURES CALLED:  JSERVO, RBADC x/
/% X/
/% GLOBAL VARIABLES 2/
/% REFERENCED VELX» VELYs DPSI %/
/% MIDSTXs, MIDSTY, MIDSTZ %/
/% BY, PERIOD, SPERIOD %/
/% PHASE, RPHASE, BETA 'Y
/% FOOTLIFT %/
/% | ¥4
/% MODIFIED: XPD, YPD, ZPD %/
/% XRD YRO» ZRD ®/
/% XED. YFD, 2FD %/
2 SUPPORT,  ZPTERM %/
/% X/

/ISR RXRER SRR BAXR AR ERRERAXER R AL EA XX AR EARRRAR KX RN ERKRAR AR KN/

PROCEDURE FOOTPATH}

CONST ATTSCALE = ~-0,7834¢ /% ATTITUDE SCALE FACTOR %/
ATTPOLE = 8.0} /% POLE FOR ATTITUDE CONTROL ¥4
FTOTAL = 285.0) /8 TOTAL VEHICLE MEIGHT ( LBS.) %/
PWRSCALE = -33333,3% /8 POWER SCALE FACTOR %/
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VAR
ALPHAY /% CRAB ANGLE WRT LONGITUDINAL AXIS ¥/
CGXs CBY» /% COORDINATES OF CG. PROJECTION %/
D1 /% BACKED UP TIME FROM MIDSTANCE L 74
DXBr DYB» /¢ BOOY DISPLACEMENTS IN BGDY CQORD. | ¥4
DXB1ls DYB1, /% TOUCHDOMWN DISPL. FROM MIDSTANCE L ¥4
DXEs DYE:» /% BODY DISPLACEMENT IN EARTH COORD, x/
LPHASE,» /% LEG PHASE VARIABLE L ¥4
PITCH» ROLL» /% ACTUAL ANGLES FROM GYRO R/
PPITCH, PROLL, /% ACTUAL ANGLES FROMW PENDULUM 8/
! POMER» /% HEXAPOD INSTANTANEOUS POWER CONSUMP. X%/
| PSICy» PSICL, /% BODY ANGULAR DISPLACEMENT OVER DY x/
! Q» Ry Sy /% INTERMED. FORCE QPTIMIZATION TERMS t ¥4
SUMX» SuMY. /% SUM OF FOOT DISPLACEMENTS %/
SUMX2, SUMY2, /% SUM OF SQUARES OF FOOT DISPLACEMENTS x/
SUMXY /% SUM OF FOOT DISPL. CROSS-PRODUCTS L ¥4
TIMEFP, /3 REMAINING TIME IN TRANSFER PHASE %/
TPHASE, /% TRANSFER PHASE VARIABLE %/
TRTINME, /% TOTAL TIME IN TRANSFER PHASE %/
VEL» /% MAGNITUDE OF VELOCITY VECTOR %/
ZOFFy /% Z POSITION ERROR FOR ATT. CTONTROL %/
ZRTERM /% 2 RATE OFFSET FOR ATTITUDE CONTROL ¥4
$ REAL}
FRSTCH» /% FIRST A/D CHANNEL FOR DATA FETCH L ¥4
Iy /% LOQP COUNTER | ¥4
N /% SUPPORT PHASE LEG SET COUNTER 74

! INTEGER}
XFTHLDy YFTHLD /% DESIRED FOOT TOUCHDOWN POINT x/

: ARRAYS)

TOPBLOCK /% TOP A/D CHANNELS X/
! ARRAY18}

PROCEDURE JSERVO( MOVE! BOOLEAN )} EXTERNALS

PROCEDURE RBADC( NOCHANs FRSTCH: INTEGER} SCALE! REAL} VAR IWDATA: ARRAY18 )}
EXTERNAL Y

FUNCTION ATAN2(Y:, X ! REAL)! REAL? EXTERNALJ
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BEGIN /% FOOT34 %/

/BEERRRBREREERLERBAXERAERXRARERIN KRR R TS AR AR XX AL R R ARE AR EKEX R SR/
/8% EXPRESS INCREMENTAL BODY DISPLACEMENT IN BODY COORDINATES =%/
/EERERBRAEREERRXRERARBARKLARLERREEEAKEAREB BB AR RRR XL REBREAR KR/

/7488 CALCULATE INCREMENTAL BODY DISPLACEMENT WRT GROUND x3%/
PSIC i{s DPSI % DT}

/%88 CALCULATE MAGNITUDE OF VELOCITY WRT GROUND s%x/
VEL $= VELX 8 VELX ¢ VELY ¥ VELY}
IF VEL <> 0.0 THEN VEL != SQRT(VEL)i}

IF ABS(DPSI) > 0.00001

THEN
BEGIN
DXE t= VEL/DPSI 8 SIN(PSIC);
DYE t= VEL/DPSI % (1.0 - COS(PSIC))}#
END ’
ELSE
BEGIN
DXE t= VEL % DT}
DYE i= 0.0}
END?

/%%8 ROTATE DISPLACEMENT VECTORS TO BODY COORDINATES x2%/
ALPHA = ATAN2( VELY,» VELX )}

DXB = DXE * COS(ALFPHA)
= DYE % SIN(ALPHA)}

DY® i= DXE & SIN(ALPHA)
+ DYE % COS(ALPHA)}

gt it 233323323333 323333333333333323% )
/% COMPUTE FOOT TOUCHDOWN OFFSETS &%/
/EREERXERENEREEEREERAENELSIRARKSARERR/

/%58 CALCULATE BODY DISPLACEMENT FROM MIDSTANCE TO TOUCHDOWMN 333/

DTy = -0,5 & ABS(SPERIOD)3 <{ BACKED UP TIME FROM MIDSTANCE >
PSIC1 t= DPSI % DT1} { BACKED UP ANGLE ?»
IF ABS(DPSI) > 0.00001
THEN
BEGIN
DXE i{= VEL / DPSI % SIN(PSIC1)#$
OYE t= VEL » DPSI x ( 1.0 - COS(PSIC1) )}
END
ELSE
BEGIN
DXE = VEL & DT
DYE = 0,01

END}




/%%% ROTATE TOUCHDOWN OFFSET TO BODY COORDINATES sx%/
DXBt = DXE % COSCALPHA)
- DYE % SINCALPHA)}

DYB1 = DXE & SIN(ALPHA)
+ DYE % COS(ALPHA)}

RBADC(5»58+1,TOPBLOCK)# { FETCH PITCH, ROLLs & POWER FROM VEHICLE >

PPITCH (= TOPBLOCK(4] x ATTSCALE}
PROLL ¢= TOPBLOCK(S] % ATTSCALE}
POWER $= TOPBLOCKC&] % PWRSCALES}
PITCH = TOPBLOCKL7] x ATTSCALE}S
ROLL = TOPBLOCKL8] x ATTSCALE)}

gt 2323232388323 03 2233233332223 4
/% GENERATE FOOT TRAJECTORIES =/
/XBERAXRERBARKERERERAXEEEARXRLRXER K/

FOR I i= 1 TO &6 DO { GENERATE FOOT COORDINATE FOR LEG I >
BEGIN

/%%% COMPUTE LEG PHASE VARIABLE %x3%/
LPHASE (= PHASE + RPHASECI) + 1.0)
LPHASE (= LPHASE - TRUNC( LPHASE )i

IF LPHASE > BETA
THEN ( LEG IN TRANSFER PHASE )
BEGIN

TPHASE t= (LPHASE - BETA) / (1.0 - BETA)/
SUPPORT != SUPPORY - (Y19 <{( REMOVE LEG I FROM SUPPORT SET )}

IF { LEG AT TOP OF TRANSFER PHASE AND FORCE NOT YEY ZEROED >
( ( (PERIOD > 0.0) AND (LPHASE > (BETA+1)/2.0) )
GR ( (PERIOD < 0.0) AND (LPHASE < (BETA+1)/2.0) ) )
AND (FZEROL1) = FALSE)

THEN { UPDATE OFFSET FORCES FOR LEG I >
BEGIN
FRSTCH (= (I -1 ) & 34
RBADC( 3» FRSTCHs FSCALE,» ZEROFORCE)}
FZEROCI] (= TRUE}I { FLAG THAT LEG I IS UPDATED »
ZPTERMCI) $= 0.0 < INITIALIZE ATTITUDE CORRECTION TERM >
END}

< END IF )}




/7888 CALCULATE TIME LEFT TILL TOUCHDOWN OF THE LEG 3%/
TRTIME = ( 1 - BETA ) & ADS(PERIOD);
IF PERIOD > 0.0

THEN TIMEFP (= TRTIME ¥ ( 1.0 - VPHASE)

ELSE TIMEFP != TRTYIME 5 TPHASE)

/7888 COMPUTE THE BEST TOUCHDOWN POINT 538/
XFTHLDC1] := ¢ MIDSTXEID - DXB1I ) % COS(PSIC1)
+ ( MIDSTYC1) - DYBL ) & SIN(PSIC1)#

YFTHLDBLI) = ~ ( MIDSTXCI)
+ ( MIDSTYL1]

DXB1 ) % SIN(PSIC1)
DYB1 ) % COS(PSIC1)}

/888 COMPUTE DESIRED FOOT POSITION 388/
IF DT < TIMEFP
THNEN
BEGIN
XPDCI) = XPDLI] + (XFTHLDCI] - XPDCI1) % DT/TIMEFP}
YPDLI) i= YPDBCLI) 4 (YFTHLDCI) - YPDLI1) x DT/TIMEFP;
ZPg(I] t= MIDSTZ - FOOTLIFY & SINC TPHASE x P11 )i
EN
ELSE
BEGIN
XPOCIJ ¢t= XFTHLDCIZS
YPDCI) = YFTHLDCI)}
ZPDLI) &= MIDST2)
END#

{ END IF DT >

/%8%% COMPUTE DESIRED FOOQT RATE %%/

XRDCI) &= ¢ XFTHLDCIJ - XPDC11 ) / TIMEFPi

YRDCIY = ( YFTHLDCLII] - YPDLIJ ) / TIMEFFP}

ZRDC1) = ~ FOOTLIFT ® PI 5 COS( PI & TPHASE )
/ ¢ PERIOD s ( 1 - BETA ) )}

END { TRANSFER PHASE )

- ELSE { FOOT IN SUPPORT PHASE ?
BEGIN

SUPPORT != SUPPORT ¢ CIJ4 <{ INCLUDE LEG I IN SUPPORT SET >
FZEROCI] (= FALSE} < FLAG THAT FORCE NOT ZEROED THIS CYCLE »

/%38 COMPUTE ATTITUDE CONTROL VARIABLES s88/
ZOFF (= -PITCH % XPACI1) ¢+ ROLL % YPACIJ}
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IF ATTITUDE = TRUE |

THEN L4
BEGIN
ZRTERM = ATTPOLE % ZOFF} B
ZPTERMCI) $= ZPTERMLI] + ZRTERM & DT}
END -

ELSE
BEGIN
ZPTERMLII = 0.04
ZRTERM 1= 0.0%
END$

{ END IF ATTITUDE »

/%88 COWPUTE DESIRED FOOT POSITION skx/
XPDCI) &= { XPDCI) ~ DXB ) ® COS(PSIC)
+ ¢ YPDCI) ~ DYB ) % SIN(PSIC)?

YPDCI] t= - ( XPDCLI) -~ DXB ) ¥ SIN(PSIC)
+ ( YPDLI) ~ DYB ) % COS(PSIC)}

ZPDL1] := MIDSTZ + ZPTERMCI]}

/%88 COMPUTE DESIRED FOOT RATE 33%/
XRDC1] != -VELX + DPSI % YPDL11#
YRDCLI) &= -VELY - DPSI! x XPDCIJ}
ZRDCI] t= ZRTERMS

ENDY /% SUPPORT PHASE %/

/% END IF LPHASE %/
END? /2 FOR I 8/

.

/ERERAREEXREARAAREXBLLLERESXERXRARSLER/
/%8 COMPUTE OPTIMAL FORCE SETPOINTS 8/
/ESEEEERAARRREAREEEERELER RS RAABRRBAY/

N = O}

SUMX = 0.04

SUNY $= 0.0}

SUMX2 != 0.0}
SUMY2 i= 0.0}
SUNXY &= 0.0}
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FOR I (= 1 70O 6 DO
IF 1 IN SUPFORT THEN
BEGIN
SUMX $= SuUMX + XPALI1l}
SUMY i= SUMY + YPALID)
SUMX2 = SUNMX2 + XPACI) x XPACI)S
SUNY2 = SUMY2 ¢+ YPALII1 2 YPACIY)
SUMXY &= SUMXY + XPALI) x YPACI)}
N i= N ¢+ 1}
END$ < IF I IN SUPFORT >

C{ END FOR I >

R i= (SUMX B SUMY2 - SUMXY & SUMY) / (SUMX2 % SUMY2 - SUNXY % SUMXY)}
Q = (SUMY - SUMXY & R) / SUMY2)

8 i= N - ((SUMX & SUMY2 - SUMXY % SUMY) & R + SUMY & SUMY) / SUMY2}

CGX = -SINC PITCH ) x MIDSTZ)
CGY ¢= SIN( ROLL ) & MIDSTZ}

/%88 COMPUTE FOOT FORCE SETPOINTS 333/

FOR I (= 1 TO 6 DO
BEGIN
XFDCI) 3= 0.0%
YFDCI] = 0.0}

IF I IN SUPPORT
THEN
IF OPTIMIZATION = TRUE
THEN ZFDLIJ = ( 1 - 0 8 ( YPALIl - CGY )
-~ R 8 ( XPACI] - CGX ) ) % FTOTAL /7 S
ELSE ZFDLI) = FTOTAL 7/ N
ELSE
ZFDCI] = 0.0} *
END} C FOR I »

JSERVO( MOVE )? { CALL SERVO ROUTINE >

END$ /8 FOOTPATH 3/
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(58E+S)
/7%3%88% FILE! SERV3I4.PAS s3388%/

/RRXBEXERLRLXRLARARENEERER/
/% PROCEDURE JSERVO %/
rgtitiiitititisisidititidsd vy

VAt 33t dd it it titiiteiiisdoiesetiitsisdtedtssteitdntsss ¥

/8 PROGRAMMER: DENNIS PUGH

/% DATE! 3J0-MAR-82

/%8 FUNCTIONS ACCOMPLISHES JACOBEAN SERVO CONTROL.,
/% ACTIVE COMPLIANCE IS TURNED ON OR OFF
/% BY THE BOOLEAN SWITCH °SPRING’®
/8

/% USER GUIDE: THE CALLING FORMAT 1SS

/% JSERVO( MOVE ) 1§

/%

/% PROCEDURES CALLED! RBADC» RBDAC

/8

/% GLOBAL VARIABLES

/t REFERENCED: XRDs YRD» ZRD

/% XPDy YPD, ZPD

/% XFD, YFD» ZFD

/8 ZEROFORCE)» SPRING

/8

/% MODIFIED! XPA» YPA» ZPA

/8 XFAy YFA» Z2FA

/% XFFy» YFFy ZFF

/% PASS1

/%

PROCEDURE JSERVO( MOVE: DOOLEAN )F

CONST COMPGAIN = 57.4) /% COMPENSATOR GAIN

PGAINX = 3.8} /% RECTILINEAR POSITION GAIN
PGAINY = 3,8}
PGAINZ = 1,324

FGAINX = 0.0001) /% RECTILINEAR FORCE GAIN
FGAINY = 00,0001}
FGAINZ = 0.,1633

FILTPOLE = 2,04 /% POLE FOR FORCE TERM FILTER
PSCALE = 1.571) /% POSITION SCALE FACTOR
RSCALE = 0.61}% /% RATE SCALE FACTOR
IZFSCALE = -1.25) /% Z-AXIS FORCE SCALE CHANGE
VSCALE = 10.04 /% VOLTAGE SCALE FACTOR
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74
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¥4
t 74
%/
74
%/
x/
%/
%/
X/
%/

74
gt tittidtiitidestsiteteftedtiitiisitsitsitspdtsietesdesdnstt vy

74
74

%/

s/

%/
L ¥4
8/
¥4

e

|
I
!
I
'
J




Lt = 12,564} /% UPPER LINB LENGTH | 74
L2 = 17,004 /% LOWER LIMB LENGTH s/
L3 = ~1.436} /% AZIMUTH JOINT OFFSET 5/
L4 = 2.5% /% ELEVATION JOINT OFFSETY L 74
LS = 2,436} /% KNEE JOINT OFFSET 74
YHIP = 8.562% . /% Y DISTANCE FROM HIP TO C.G. &/
VaR PSI» THETA» THETA1l» THETA2, /% JOINT ANGLES L ¥4
CPSI1, CTH, CTH1, CTH2, /¢ COSINES OF ANGLES | 74
SPSI.» STH, STH1, STH2, /% SINES OF ANGLES 3/
TN1» TN2y D1y B2, /% INTERMEDIATE TERMS 4
ALl Al2y /% INVERSE 74
A21y A22y A23» 4 J JACOBEAN 74
A3l A32y A33, /% MATRIX 3/
XRC» YRC, ZRC» /% RECT. RATE COMMANDS &/
vouT, /8 MOTOR OUTPUT VOLTAGE &/
YSIGN» /8 LEFT SIDE CORRECTION &/
MAXTINME, /¢ MAX DV FOR FILTER %/
DTF, /% FILTER DT s/
XFE» YFE» ZFEy /8% RECT. FORCE ERROR L 74
XFORCE» YFORCE. ZFORCE /% FOOT COORD. FORCES 74
! REAL}
XHIP /% X COORD. HIP TO C.G., %/
¢ ARRAYS)
Jr ) /% LOOP INDEX 8/
CHANOs CHAN1,» CHAN2 /7% A/D CHANNEL POINTERS &/
t INTEGER}
FORCE, /% FORCE INPUT ARRAY L 74
POSITION, /7% ACT., JOINT POSITIONS &/
: RATE» /7% ACTUAL JOINT RATES s/
. RATECOM, /% COMMAND JOINT RATES &/
VOLT /% MOTOR VOLTAGE OUTPUT %/
!t ARRAY18}

PROCEDURE RBADC( NOCHAN, FRSTCH! INTEGERS SCALE! REALI VAR INDATA: ARRAY1S8 )i

I EXTERNAL)
PROCEDURE RBDAC( NOCHAN, FRSTCH3 INTEGERS SCALE! REAL$ VOLT: ARRAY18 )}
EXTERNAL }
I FUNCTION SION( X: REAL): REAL) EXTERNAL}




BEGIN /% JSERVO &/

XHIPL1] (= 22,75} XHIPC2] t= 22,75} XHIPC3) ¢= 0.0}
XHIPL4] (= 0.0} XHIPCS]) (= -22,75) XHIPLS) $s-22,75%

/% CONDITION DT FOR FAST FILTER %/

MAXTIME $= 1,0 /7 ( FILTPOLE % 4.0 )}

IF DT > MAXTIME < THEN FILTER DEGENERATES )
THEN DTF (= MAXTIME
ELSE DTF = DT

FOR I = 1 TO & DO
BEGIN
IF I IN [1,3,5)
THEN YSIGN = -1,0
ELSE YSIGN (= 1,0}

CHANO 3= (I-1) % 3}
CHAN1 i= CHANO ¢+ 1} .-
CHAN2 (= CHANO + 23}

RBADC(3s» 3J4+CHANO» PSCALE,» POSITION)S < READ JOINT POSITION }
RBADC(3s CHANO» FSCALE, FORCE)} { READ FOOT FORCES )

THETA2 (= POSITIONLCHANOIS
THETAL = POSITIONCCHAN1D)}
P81 $= POSITIONCCHAN2]}

/% COMPUTE TRUE FORCES IN LEG COORDINATES %/

XFORCE 1= FORCECCHANO] ~ ZEROFORCECCHANO1}

YFORCE (= -(FORCECCHAN1] - ZEROFORCELCHAN11)} :
ZFORCE = ZFSCALE % (FORCELCHAN2] - ZEROFORCELCHAN21)} ol

/% COMPUTE & SAVE ALL NECESSARY TRIG. FUNCTIONS %/
CPSI {= COS(PSI)} *

SPSI = SIN(PSI)}

CTH1 (= COS(THETA1)$

STH1 = SIN(THETAL)}

CTH2 (= COS(THETA2)}

STH2 (= SIN(THETA2)}

THETA = THETAL+THETA2)

STH = SIN(THETA)}

CTH t= COS(THETA)}

TNL t= LISCTHLI+LSSSTHI4+L2XSTH}

D1 = LA+TNL}

D2 (= L2R(L12CTH2-LSE8TH2)}

TN2 $= TN1/D2} -

- ——

/% COMPUTE THE ACTUAL RECTILINEAR FOOT POSITION %/ .
XPACI) = D1xSPSI -~ LIXCPSI + XHIPLID}

YPALIJ 1= (D1sCPSI + L3sSPSI ¢+ YHIP) x YSIGN?Y

ZPACI] = -L1%STH1 4 L2BCTH + LSSCTH1}




/% ROTATE FORCES TO BODY COORDINATES %/

XFALI] i= SPSIXCTH % XFORCE
- YSIGNSCPSI & YFORCE
+ SPSISSTH % ZFORCE}
YFALI] = YSIGNSCPSIXCTH ¥ XFORCE
+ STH % YFORCE
+ YSIGNSCPSISSTH ¥ ZFORCE}
ZIFACI] (= -STH 8 XFORCE
+ CTH & ZFORCE}

IF MOVE = TRUE THEN <{ SERVO THE HEXAPOD »
BEGIN

IF SPRING = FALSE <{ THE FORCE TERM MUST BE ZEROED )

THEN ’
BEGIN
XFFCI] t= 0,04
YFFL1) $= 0.0%
2ZFFC1) t= 0,04
END
ELSE
IF PASSt = TRUE
THEN
BEGIN
XFFLIY ¢= 0,04
YFFCI) = 0.0%
ZFFC11 3= 0,04
END
ELSE
BEGIN
/% COMPUTE THE FORCE ERRORS %/
XFE ¢= XFDLI1) - XFALI}
YFE = YFDLI) - YFALI$
IFE 1= ZFDCI] - ZFALIDY

{ THE FILTER MUST BE INITIALIZED >

/% LINIT FORCE ERRORS TO GIVE 4°

MAX .

DEFLECTION %/

IF ABS(XFE) > 4,0 ¢
THEN XFE = 4,0

1 IF ABS(YFE) > 4,0 x
THEN YFE (= 4,0

IF ABS(ZFE) > 4,0 %
THEN ZFE t= 4.0

PGAINX/FGAINX
% PGAINX/FGAINX & SIGN( XFE )#

PGAINY/FGAINY
8 PGAINY/FGAINY x SIGN( YFE )}

PGAINZ/FGAINZ
8 PGAINZ/FGAINZ x SIGN( ZFE )9

/8 LOW-PASS FILTER THE FORCE ERRORS %/
XFFCLI) = XFFCI) + FILTPOLE & (XFE - XFFCI1) x DTFi

1 YFFCI1 t= YFFCIJ + FILTPOLE %
2FFCI3 t= ZFFCI1 + FILTPOLE %
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(YFE - YFFLIY) % DTF
(ZFE - ZFFU11) * DTF}
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END)

ENDS ( ELSE )
{ END IF PASS1 >
¢ END ELSE >
{ END IF SPRING )

/8 COMPUTE RECTILINEAR FOOY RATE COMMAND x/

XRC $= XRDCIJ 4+ PGAINX ® (XPDC(I]
YRC != (YRDLI]1 + PGAINY & (YPD[I]
ZRC t= ZRDLIJ + PGAINZ & (ZPDLI1)

/% CONPUTE INVERSE JACOBIAN MATRIX &/

A1l ¢= CPSI/D1}
A12 i= -SPSI/D1)

A22 = -L2XSTHRCPSI/D2-L23L3IXSTHESPSI/D1/D2}

A23 s -L28CTH/D2)
A3l = (SPSI-LISCPS1/D1)STN2)
A32 = (CPSI+L3IXSPSI/D1)STN2}

A21 = -(L2SSPSINBTH)/D24L2SLIXSTHECPSI/D1/D24 ‘

A3 1= (~L1BSTHLI+L2XCTH4LSECTH1) /D24

/% COMPUTE JOINT RATE COMMAND x/

RATECOMCCHAN2] = ALIXXRC + AL2RYRC}
RATECONCCHANL]) (= A21XxXRC + A228YRC + A23sZRC;
RATECOMNCCHANO] = A31XXRC + AJ2MYRC + A3IXIRCS

/%8%% RATE SERVO SECTION %%%/
RBADC(3+18+CHANOYRSCALERATE) )

FOR J {= CHANO TO CHAN2 DO
BEGIN

VOUT = COMPGAIN ® (RATECOMCJ] - RATELJD):
.a
ELSE IF VOUT < -9.8 THEN VOUT :a -9.8;

IF VOUT > 9.8 THEN VOUT (= ¢

VOLTCJ] = VauTs

;,_...,ﬁ.,,‘_,_.,_,_.__azﬁ

- XPALI)) + FGAINX & XFFCIX$
= YPALI)) + FOAINY 8 YFF{1]) s YSIGN?}
- ZPAL1)) ¢+ FOAINZ & ZFFCIJ$

{ FETCH ACTUAL JOINT RATES )

RBDAC(1+JyVSCALE»VOLT)# <{ OUTPUT THE VOLTAGE >

END} < DO 2
END# { IF MOVE )
END} (DO >

PASS1 = FALSES { FLAG THAT FILTERS ARE INITIALIZED )}

{ JSERVD >
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(SSE+X)
/%888382 FILE!? INIT3S.PAS EXRRRN/
/ERREBEAERRLBELARALERERRLRAARER/

/% PROCEDURE: NORMALIZE %/
/EEREREAARAARRXRAEBEXERXRRNRER/

Va2 ii2d i diietitidetsdsdbiti st tietieististsesisitieeeititsts vy

/8 PROGRAMMER! DENNIS PUGH %/
/% DATE: 30-MAR-82 %/
/% FUNCTION: MOVE HEXAPOD TO NORMALIZED POSITION s/
/% USER GUIDE:! THE CALLING FORMAT IS: ¥4
/% NORMALIZE} ¥4
4 | 74
/8 s/
/8% PROCEDURES CALLED! JSERVO, HALT,» FOOTLINE | 4
/% TURNON» RBADC %/
/8 | 74
/% GLOBAL VARIABLES s/
/% REFERENCED? XPAy YPA, ZPA | ¥4
/% MIDSTX,» MIDSTY» MIDSTZ %/
/% %/
/% MODIFIED:? ZERQFORCE» FZERO X/
/% %/

/EBBEEBFABERRRLRLERRIREXRLNRSBLSIREEBR AR RXRRARALRRRE XL XXX R KRR RK/

PROCEDURE NORMALIZE}

VAR FOOT ¢ INTEGER$} <{ FOOT INDEX >
FRSTCH § INTEGERF# ( FIRST A/D CHANNEL )
XCOORD» YCOORD» ZCOORD ! ARRAY4S { FOOT COORDINATES >

PROCEDURE JSERVO( MOVE: BOOLEAN )} EXTERNAL)

PROCEDURE FOOTLINE( VELMAX! REALJ} XCOORD» YCOORD, ZCOORD: ARRAYS )i
EXTERNALS

PROCEDURE RBADC( NOCHAN» FRSTCH: INTEGERJ SCALE: REAL} VAR INDATA: ARRAY18 )}
EXTERNAL

PROCEDURE HALT} EXTERNAL}

PROCEDURE TURNON? EXTERNAL}
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BEGIN
WRITELN}
WRITELNC( CHR(27)y ‘86 NORMALIZING ...}

JSERVG( NOMOVE )# { FETCH ACTUAL FOOT POSITIONS
TURNONS { TURN ON MOTOR POWER )

FOR FOOT t= 1 TO 6 DO { INITIALIZE COORDINATES }
BEGIN
XCOORDLFOOT] = XPACFOQOTI;
YCOORDCFOOT] ¢{= YPALFOOT)S
ZCOORDIFDOT) = MIDSTZ;
END3}
FOOTLINEC 3.0y XCOORDy YCOORD» ZCOORD )i { MOVE TD MIDSTANCE Z >

FOR FOOT != 1 YO 6 DO
IF FOOT IN C 1y 4y 5 ]
THEN ZCOORDCFOQT] i= MIDSTZ - 5.04
FOOTLINE( 5.0+ XCOORDs YCOORD: ZCOORD )i { MOVE LEG SET 1 UP )

FOR FOOT := § TO 46 DO
IF FOOT IN C 1» 4» 3 ] THEN
BEGIN
XCOORDIFOOT] :» MIDSTXIFOOTI}
YCOORDECFOOT) !~ MIDSTYCLFOOTIS
END3
FOOTLINE( S.0+» XCOORDy YCOORD, ZCOORD )¢ { MOVE LEG SET 1 OQOVER 2

FOR FOOT := 1 TO 6 DO
IF FOOT IN C 1y 4y S ] THEN
BEGIN
FRSTCH = ( FOOT - 1 ) % 3§ { COMPUTE FIRST A/D CHANNEL >
RBADC( 3» FRSTCH» FSCALE» ZEROFORCE )# { READ FORCE OFFSET }

FZEROLFOOT) t= TRUE: { FLAG THAT 2EROFORCE UPDATED )
ZCOORDCFOOT] $= MIDSTZ)
END$

FOOTLINE( S.0» XCOORD» YCOORD: ZCOORD ) { MOVE LEG SET 1 DOWN >

FOR FOOT != 1 Y0 6 DO
IF FOQOT INC 2y 3» &6 )
THEN ZCOORDCFOOT] (= MIDSTZ - 5.04
FOOTLINE( 5.0+ XCOORD» YCOORD» ZCOORD )} { MOVE LEG SET 2 uP >

FOOTLINE( 5.0, MIDSTX, MIDSYY, ZCDORD )} { MOVE LEG SET 2 QVER )
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FOR FODT := 1 TD é DO
IF FOOT IN L 2, 3+ 6 ] THEN

BEGIN

FRSTCH = ( FOOT - 1 > % 3} { COMPUTE FIRST A/D CHANNEL }
i RBADCC( 3» FRSTCH» FSCALE, ZEROFORCE )i { READ FORCE OFFSET )}
FZEROCLFOOT] := TRUE; { FLAG THAT ZEROFORCE UPDATED >
ZCQORDCFOOT] = MIDSTZ}
END}

FOOTLINE( 5,0, MIDSTX» MIDSTY,» ZCOORD )} { MOVE LEG SET 2 DOWN >

HALT}

i WRITELN}
, WRITELN( CHR(27),» ° NORMALIZATION COMPLETE’)}
i WRITELNS F

END$} /% NORMALIZE %/

it
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} i JEXEBRARAIRRERERBARERRIERRARERY/
. x /% PROCEDURE! INITIALIZE %/
} | /EEBERARRAARERARBKRAERARRBERRNK/
|
H

2233323332332 3323203300232 38 3223233333233 333 332323208323 ¢233%1 ¥4

, /% PROGRAMMER! DENNIS PUGH x/
‘ /% DATE: 20-APR-82 %/
; /% FUNCION: RAISE LEGS TO WALKING POSITION %/
‘ /% %/
i | /% USER GUIDE: THE CALLING FORMAT IS! %/
; { /% INITIALIZES Y
| | /% X/
: /% x/
: /% PROCEDURES CALLED: FOOTLINE: HALT, TURNON %/
: /% ) %/
i /% GLOBAL VARIABLES %/
T 2" REFERENCED: BETA» RPHASE %/
L /8 %/
’ /% MODIFIED: PHASE,» SUPPORT, ZPTERM %/

/% x/

/EXRRERREERRE AR ARAEXBRRR KA RXRRRERAAXAATRRLERATKXRRRRKLRKTLAXRER/

PROCEDURE INITIALIZE}

vaR FooT t INTEGER}

TPHASE t REAL}
ZINIT I ARRAY6}

: PROCEDURE HALT? EXTERNAL}

! PROCEDURE FOOTLINE( VELMAX: REAL$} XCOORD» YCOORD» ZCOORD! ARRAYS )§ EXTERNALG

PROCEDURE TURNON? EXTERNAL}

BEGIN .
WRITE'.N} :
WRITELNC CHR(27)s '#6 INITIALIZING +..°)} ;

SUPPORT = [ 1..6 1} { START WITH ALL FEET IN SUPPORT PHASE

TURNON? < TURN ON MOTOR POWER )

* - N
) sty
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/%8¢ COMPUTE DESIRED INITIAL FOOT HEIGHTS s%%/
FOR FOOT (= 1 TO 6 DO
BEGIN
ZPTERMC FOOT J = 0.04 { INITIALIZE ATTITUDE CORRECTION TERM )

IF RPHASEL FOOT 2 < BETA

THEN
ZINITC FOOT ] = MIDSTZ
ELSE
BEGIN
SUPPORT != SUPPORT - CFOOT1# ( REMOVE FOOT FROM SUPPORT SET »
TPHASE = ( RPHASEL FOOT 1 - BETA ) / ( 1.0 - BETA )}
ZINITL FOOT 1 = MIDSTZ - FOOTLIFT % SINC TPHASE 8 Fl )i
END} '
{ END IF )

END} { FOR FOOT )
FOOTUINE( 5.0y MIDSTX, MIDSTY, ZINIT )# { RAISE LEGS IN TRANSFER PHASE )

HALT)

PHASE $= 0.03 { INITIALIZE KINEMATIC CYCLE PHASE >

; WRITELN}
! WRITELN( CHR(27)» ‘%6 INITIALIZATION COMPLETE’)}
WRITELNS

END? /% INITIALIZE %/

owmul EEEE 48 Gud
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/REXBREXRXEEREAKRRARNEE/
/% PROCEDURE UPDOWN %/
/RERAEBREEXRAEEREELRERR/

/EBERRERRERRXXXIAXALREXSXEXXALESLXRAEBARSSRASRERBLESRXRRERERRERE/

/% PROGRAMMER! DENNIS PUGH 8/
/% DATE! 20-APR-82 74
/% FUNCTION! CHANGE THE BODY ELEVATION 8/
/% ¥4
/% USER GUIDE: THE CALLING FORMAT IS: UPDOWN( HEIGHT )3 %/
/% WHERE °“HEIGHT® IS THE DESIRED BODY ELEVATION %/
/% x/
/% %/
/% PROCEDURES CALLED! FOOTLINEs, HALT» TURNON %/
/% ¥4
/% GLOBAL VARIABLES %/
/% REFERENCED: MIDSTX, MIDSTY ¥4
/% L 74
/% MODIFIED: NONE ¥4
/% %/

Vgt et tigdidis it eissdesdtdetissesitistribdtistedtisss g
PROCEDURE UPDOMN( HEIGHT ! REAL )}

VAR FOOT
ZCOORD

INTEGERS /% FOOT INDEX %/
ARRAYS} /% FOOT Z CDORDINATES %/

.o oe

PROCEDURE FOOTLINE( VELMAX: REAL$} XCOORDs YCOORD, ZCOORD: ARRAY6 )i#
EXTERNAL }

PROCEDURE HALT) EXTERNAL}
PROCEDURE TURNON} EXTERNAL}

BEGIN
TURNON} { TURN ON MOTOR POWER )

FOR FOOT != 1 TO 6 DO ZCOORDCFOOT] (= HEIGHT}

FODTLINE( 3.0» MIDSTX» MIDSTY, ZCOORD )i} { MOVE TO DESIRED ELEVATION >
HALT?

END} { UPDOUWN )

[ I
S grrrnd
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(SSE+S)
/33882 FILE!? LINE34.PAS REXRER/

/ERRERAXXELRELREAERERER AR ELER/

% PROCEDURE! FOOTLINE 74

/CEREREBRRREERARRNERBREXSARRER/
VAiit it biitefstesitsd e it i s tbiteiteitsiteisidtedtidtstssdst Vg
/% PROGRANMER: DENNIS PUGH s/
/% DATE!? 20-APR-82 %/
/% 74
/% FUNCTION! MOVE FEET FROM PRESENT POSITIONS TO L 74
/% SPECIFIED POSITIONS IN STRAIGHT LINES 4
/% WITH ALL MOTIONS COMPLETED SIMULTANEOUSLY 8/
/8 %/
/% USER GUIDE: THE CALLING FORMAT IS: ¥4
/% FOOTLINE( VELMAX, XCOORD, YCOORD. ZCOORD )} ¥4
/% 5/
/% PROCEDURES CALLED!? JSERVO %/
4 | ¥4
/% GLOBAL VARIABLES L 74
/% REFERENCED! XPAy YPA» ZPA ¥4
/8 74
/% MODIFIED!} XPDy YPD» ZPD %/
/% XRD» YRD» ZRD s/
/% DT» SPRING 8/
/% ¥4

/EBEREBRRESEER LRSI RRRXREEXSXEER XN ABABRRLRSARERBXERR A SR RXRAER LS/

, PROCEDURE FOOTLINE( VELMAX! REAL? XCOORDr YCOORDs ZCOORD: ARRAYS )}

] CONST GAIN = 2,09 /% 'POSITION ERROR TO RATE GAIN s/
VAR ERRORX:, ERRORY, ERRORZ /% POSITION ERROR FROM SETPOINT %/
. ! ARRAY6}
PTIMEs LTIME, /% TEMPORARY STORAGE FOR TIME %/
MAXERR /% MAXIMUM OF COORDINATE ERRORS %/
i REAL}
1 Foot /% FOOT INDEX 8/

¢ INTEGERS

I PROCEDURE JSERVO( MOVE: BOOLEAN )} EXTERNAL}




BEGIN
SPRING = FALSE} { DISABLE ACTIVE COMPLIANCE )}
JSERVO( NOMOVE )} € FETCH ACTUAL POSITIONS »

FOR FOOT $= 1 TO é DO { INITIALIZE DESIRED POSITIONS >
BEGIN
XPDCFOOT] (= XPALFOOTIS
YPDLFOOT] = YPACFOOTIS
ZPDCFOOT] t= ZPALFOOTI)

; END}

|
LTIME $= TIME}
DT t= 0,014
REPEAT

HAXERR != 0.0}

FOR FOOT =t TO 6 DO
BEGIN

ERRORXCFOOT) $= XCOORDCFOOT) - XPALFOOTI}
ERRORYLFOOT) (= YCOORDCFQOT] - YPALFOOT1$
ERRORZLFOOT) = ZCOORDLFOOT) - ZPACFOOT#

IF ABS( ERRORXCFOOT] ) > MAXERR THEN MAXERR = ABS( ERRORXLFOOT) )3
IF ABS( ERRORYCFOOT] ) > MAXERR THEN MAXERR := ABS( ERRORYLFOOT] )} e
IF ABS( ERRORZCLFOOT] ) > MAXERR THEN MAXERR = ABS( ERRORZLFOOT] );

END} /% FOR FOOT %/

FOR FOOT (= 1 TO 6 DO

BEGIN
IF ( GAIN % MAXERR ) < VELMAX { INCHES PER SECOND }
THEN BEGIN i ;
XRDCFOOT] := GAIN % ERRORXCFOOTI1}
YRDLFOOT) = GAIN % ERRORYLFOOTI)
ZRDCFOOT] (= GAIN & ERRORZCFOOTI}
END
ELSE BEGIN

XRDLFOOT] := VELMAX % ERRORXLFOOT] / MAXERR}
YRDLFOOT) {= VELMAX 3 ERRORYCFOOT] / MAXERRS
ZRDIFOOT) $= VELMAX ¥ ERRORZLFOOT] / MAXERR}
END}

XPDCFOOT] (= XPDCFOOT] + XRDCFOOT] % DT3
YPDCFOOT] t= YPDCFOOT) ¢ YRDCFOOT] % DT}
ZPDCLFOOT] (= ZPDCFOOT] + ZRDCFOOT] & DT}

[T )

END} /% FOR FOOT %/
JSERVO( MOVE )3 !

o
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PTINE i= TIME}
T t= (PTIME - LTINE) & 3600.01
LTIMNE = PTIMES

UNTIL MAXERR < 0.53

FOR FOOT (= 1 TO &6 DO { CLEAN UP GLOBAL VARIABLES )
BEGIN
XRDCFOOT] = 0.0}
YRDLFOOT) &= 0.03
ZRDCFOOTI t= 0.04

XPDLFOOT] i= XCOORDCFQOTIS$
YPDCLFOOT) = YCOORDCFOOTIH
ZPDCFOOT] != ZCOORDLFOOTI1$
END}

END# /% FOOTLINE %/

et gty
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/ERREXEARREXEXEREXEXAREERRK/
/% PROCEDURE: HALT %/
/ERREEEARERABARRELEARERERRRK/

/ERRRBERERERRARRXREXERRRAR LB LB ALEXEX SRR ARA XS XX R IR ARRAARAERRRR &L/

/% PROGRAMMER: DENNIS PUGH 74
/% DATE:? 20-APR-82 %/
/% 74
/% FUNCTION? STOPS ALL MOTION OF HEXAPOD %/
/8 USER GUIDE: THE CALLING FORMAT IS: x/
/8 HALT) %/
/% 8/
/% PROCEDURES CALLED: RBDAC x/ Ll
/% %/
/% GLOBAL VARIABLES ¥4
/% REFERENCED: NONE ¥4
/% ¥4
/% MODIFIED? VELX» VELY, DPSI %/ -
/% NVELXs NVELYs» NDPSI &/
/8 74

/EREBABAREEXRERRRXLIAIRXRLEXRARXEASXBXRXRARXRAE XL XXX XEXE AR XRXERR X/
PROCEDURE HALT}

CONST VSCALE = 10.0}

g o

VAR JOINT $ INTEGERS /% JOINT INDEX . ¥4
VoLT tARRAY18) /% QUTPUT VOLTAGES 74

PR

PROCEDURE RBDAC( NOCHAN» FRSTCH! INTEGER} SCALE! REAL} VOLT: ARRAY18 )}
EXTERNAL} T

PROCEDURE TURNOF$ EXTERNAL}

BEGIN
FOR JOINT!= 0 TO 17 DO
VOLTCJOINT] (=0.0}

RBDAC( 18, O» VSCALE,» VOLT)} /% TURN OFF VOLTAGE TO ALL MOTORS %/ -
TURNOF § /% TURN OFF MOTOR POWER 8/

/7%%% INITIALIZE VELDCITY VECTORS %33/ ]2
NVELX = 0.0 NVELY i= 0.0} NDPSI t= 0.0} ‘
VELX i= 0,03 VELY = 0.03 DPSI t= 0.04

WRITELN}
WRITELNC CHR(27))’#6---HEXAPOD STOPPED---')}

o
Lt

ENDI} /% HALT 8/
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(ESE+X)

* /333888 FILE! LIBR3A.PAS Sxs332%/

/EASERLLERLEREIATRERRBERL/
/% FUNCTION: ATAN2 &/
/8REBREBRRELREXARENRRERRR/

/SRERREEAREERTRNSELARAERR LS REARRE R AR RN A RN ERSSEEA XL AR RERRRRER/

/8 PROGRAMMER: DENNIS PUGH 8/
/% DATE: 20-APR-82. ¥4
/% FUNCTION? IMPLEMENT THE FOUR - QUADRANT L 74
/% INVERSE TANGENT FUNCTION L ¥4
/% L ¥4
/% USER GUIDE: THE CALLING FORMAT 1S: . 74
/s ATAN2(Y, X))} 74
/8 WHERE: Y IS THE SIDE OPPOSED TO THE ANGLE %/
/% "X 18 THE SIDE ADJACENT TO THE ANGLE 74
4 L 74

/38R EEEESRREEREEERARARRREEERERERAXRXAANEREERL LR AN SR AR XS EEBEXEEXN/

FUNCTION ATAN2(Y:, X ¢ REAL) § REAL}

FUNCTION SIGNC X: REAL )¢ REALJ EXTERMNAL}

BEGIN

IF ADS(X) > 0.00001
THEN < X I8 NON-ZERO >
! IF X > 0.0
THEN .
ATAN2 ta ARCTANCY/X)
€

. ATAN2 := ARCTANCY/X) ¢ Pl 3 SIGN( Y )
C END IF X >
E

ATAN2 t= PI 7/ 2.0 & SIGN( Y )}
END} /8 ATAN2 %/

. B
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/ERREEEXBEXXLERERXEERK AR/
/% FUNCTION: SIGN 5/
ratiiitiitidtedtisiistis vy

/ERERRRABRRLBRAREASERBEREEERSXE XXX XXESAEREB LA R AR BRI LRA LR SRR ARRS/

/% PROGRAMMER: DENNIS PUGH | ¥4
/% DATE!? 20-APR-82 t 74
/% FUNCTION? IMPLEMENT THE SIGNUM FUNCTION 74
/% | 4
/% USER GUIDE: THE CALLING FORMAT 1S} ¥4
/% SIGNC X )i s/
/% 8/

Vg2 13283223333 233 3232332233 sttt ssdisetiedisdtieisitidtidtss vy

FUNCTION SIGN( X ¢ REAL ) ¢ REAL}

BEGIN
IF X >= 0.0 )
THEN SIGN ¢= 1.0
ELSE SIGN = -1.0
END}

_
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(SSE+K)
/%888 FILE! DLNK3I4.PAS 252588/
/ERRARBAREAXRAREXXELLRES/
/% PROCEDURE! RBADC %/
/SREXREAXREBELRERARRARREL/

VA2333 ittt isisttisssiaddstitsstiosiiteisitiisd st ¥y

/% PROGRANMER: DENNIS PUGH 8/
/% DATE: 20-APR-82 %/
/% FUNCTIONS READ IN INPUT VARIABLES: FORCE, RATE, § x/
/s POSITION, %/
/8 %/
/% USER GUIDE! THE CALLING FORMAT IS 'Y
/s RBADC( NOCHANs» FRSTCHs SCALE, INDATA )} s/
/8 WHERE ! . Y
2 NOCHAN IS THE NUMBER OF CHANNELS TO BE READ Y
/8 FRSTCH IS THE FIRST CHANNEL TO BE READS %/
/% 0 FOR READING FORCE VARIABLES 5/
/% 18 FOR READING JOINT RATES 8/
/s 36 FOR READING JOINT ANGLES s/
/s SCALE IS8 THE INPUT SCALING FACTOR %/
/8 INDATA IS THE INPUT BUFFER s/
/% %/
/s %/
/% PROCEDURES CALLED: NONE %/
/s %/
/% GLOBAL VARIABLES: NONE 8/
/% s/

VAi131 2323323t editteeddttaeseteseitttitttt etddse izt g

PROCEDURE RBADC(NOCHAN» FRSTCH! INTEGER)} SCALE: REAL} VAR INDATA! ARRAY18)}

VAR I» 4 /8 DATA POINTERS x/
t INTEGER?

ADPORT ORIGIN 1466000B /% LOCATION OF DATA LINK SHARED MEMORY =/
: ARRAY[ 0..63 ) OF INTEGER}

BEGIN /% RBADC %/
J {= FRSTCH MOD 184 /% OFFSET FROM START OF VARIABLE TYPE %/

FOR I != J TO (J + NOCHAN - 1) DO ¢ CONVERT 3 SCALE DATA )
INDATALI] t= (7778 - ADPORTL FRSTCH-J + 1 1) /7 777B & SCALE}

END} /% RBADC 2/
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/888REXEEATUEELBERRELLRE/
/¢ PROCEDURE: RBDAC 3/
gttt titittiititsidtils g

Vgt titi23ti i3t debsbbedtiseitiittitsiiiiisitsisstdsss s s dssss Vi

/% PROGRAMMER: DENNIS PUGH %/
/%8 DATE! 20-APR-82 ¥4
/% FUNCTION? SEND OUTPUT VOLTAGES TO DATA LINK t ¥4
/% &/
/8% USER GUIDE: THE CALLING FORMAT 1S! 74
/% RBDAC( NOCHAN, FRSTCH, SCALEs OQUTDATA ) t 74
i /% WHERE ¢ %/
: /% NOCHAN I8 THE NUMBER OF OUTPUT CHANNELS %/
! /% FRSTCH IS THE FIRST CHANNEL TO BE OUTPUT s/
/% SCALE IS THE OUTPUT SCALING FACTOR x/
/% OUTDATA IS THE OUTPUT BUFFER | ¥4
/% s/
4 | %/
/% PROCEDURES CALLED: NONE ¥4
/% t ¥4
/% GLOBAL VARIABLES: NONE ¥4
/% s/

/SRR EABEEXBEEXBIBEERLE AL XRS R AR LB XBARLATE RSN AR LR XARNAXEXRRBXRXRRK/

PROCEDURE RBDAC(NOCHAN »FRSTCH: INTEGERJ) SCALE: REAL# OUTDATA! ARRAY18)}#

CONST READY = 2008}

? VAR I, /% DATA POINTER Y,
! TENP /% TEMPORARY STORAGE FOR OUTPUT &/
| i INTEGER?

STATUS ORIGIN 166244B /% DATA LINK STATUS WORD %/
¢ INTEGER!

OUTPORYT ORIGIN 166200B /% DATA LINK OUTPUT PORTS L ¥4
: ARRAYLO..17] OF INTEGER}

BEGIN /% RBDAC 8/

FOR 1 = FRSTCH TO (FRSTCH + NOCHAN - 1) DO
BEGIN
TEMP := 177B - ROUND(OUTDATACI] % 177B / SCALE)}
WHILE (STATUS AND READY) = 0 DO { WAIT UNTIL DATA LINK READY }}
OUTPORTLI] = TEMP)
END} /¢ DO %/

END$ /% RBDAC %/
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PROCEDURE CLOCKINIT}

VAR STATLS ORIGIN 170404B ¢ INTEGERS
PRELOAD QRIGIN 1704068 ¢ INTEGER
CLoCK ORIGIN 17043148 ! INTEGER}

BEGIN

PRELOAD (= 04 { USE FULL COUNTER INTERVAL }
STATUS = 413B3 ( ENABLE COUNTER AT 100 Hz }
LASTCLOCK (= CLOCKS

TOTALCLOCK (= 0#

END}

FUNCTION DELTATIME ¢ REAL}

VAR cLocx ORIGIN 170416B : INTEGER#
NOWCLOCK ¢ INTEGERS
NUMTICKS ¢ INTEGERS

BEGIN

NOWCLOCK := CLOCK})

NUMTICKS = ( NOMCLOCK -~ LASTCLOCK ) AND 3778
TOTALCLOCK ¢= TOTALCLOCK + NUMTICKS)
LASTCLOCK := NOWCLOCK;

DELTATIME != NUMTICKS / 100.0:

END}
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(SSE+X) L
gttt FILE: POWR34.PAS $XEXX%/

/ERERXARABREERARNEBXEREXEXLAXKLLERR AR AR XA XA AR B XA AR RAR R XA R KRR AR XK/ !

/% %/ L
/% PROGRAMMER! DENNIS PUGH %/
/% DATE! 20-APR-82 x/
/% x/ |
/% GLOBAL VARIABLES! NONE L ¥4 L
: /% t/
; /% THIS FILE CONTAINS SUBROUTINES WHICH UTILIZE THE SELF-DIAGNOSTIC %/ .
: /% CAPABILITIES AND THE REMOTE POWER CONTROL CAPABILITIES OF THE %/
! /% DIGITAL DATA LINK, THE EXTERNALLY USEFUL ROUTINES ARE °*TESTON®, s/
/% °*TURNOF®, AND °*TURNON®., NONE OF THESE REQUIRE ARGUMENTS. x/
/% %/
/XBERREEATASABEREAAAREEERAAEEE RN SRR EXEAKARE LR T EXAXAEEX K AKX LB XX R K KRR/ [
/REERRRERRRRRXARAXARAAAEEERREEER A KR KL EERENERBARBRR AR XA XXX AKX NEER KKK/
PROCEDURE PWAIT} /% A ROUTINE WHICH MAITS UNTIL ALL FEEDBACK CHANNELS %/
/% HAVE BEEN UPDATED AFTER A CHANGE IN STATUS 8/

VAR NOW:REAL}

BEGIN

NOW:!=TINME}

WHILE ((TIME-NOW)%3600.) < 0.004 {x SECONDS x) DO {% NOTHING %) }
END3 /% PWAIT x/

/ESERRAXEBEEAEBREERRABERARXXRRAAAXEEEARARER XA R AR T RERR AR R AXXKK R AR RARE SRR/




o o —— " S——

/EREERBARRRERRERFERER LR LR RAREREEARRX KB RERERTRX KRR KRB RRXE RN R AR KR KRR RARR/

/% X/
/% TURNQF: ¥4
/% (TURN OFF) IS A ROUTINE WHICH TURNS OFF THE FOWER TO THE x/
/% SERVO MOTORS. IT SHOULD BE USED BEFORE EXITING THE CONTROL x/
/% PROGRAMy AND ADDITIONALLY, IT SHOULD BE CALLED WHENEVER THE | ¥4
/% HEXAPQOD IS NOT ACTUALLY SERVOING. THIS WILL INCREASE SAFETY X/
/% AND REDUCE THE RISK OF DAMAGE TO THE HEXAFPOD. THE EFFECTS &/
/% OF CALLING TURNOF CAN BE REVERSED BY CALLING TURNON. x/
/% %/

Vgt 2t i2 23 esttbdiesd tss st itedtditoidsbideiidtibeitoidtiiteississss g
PROCEDURE TURNOF}$

(3¢C COMSTAT="0166244 iADDRESS OF COMMAND & FORWARD STATUS
POWER="0166246 iADDRESS OF POWER COMMAND WORD
+MACRO SEND Y+2,7T

T TSTH COMSTAT #+CHECK IF FORWARD PATH BUSY
BPL T
MOV Y2 $SEND DATA
+ENDM

%)

BEGIN

(%s$C SEND $0)COMSTAT JCOMMAND NORMAL MODE
SEND #2,POWER 3TURN OFF MOTOR POWER

%)

END} /% PROCEDURE TURNOF %/

4332233 32033 Pt s iR teitiiitiitsiittittietitetiietittiissssintidtyy
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V2213332322333 b2t e tistiiitiseissistestiseeess s s s issssids sy
PROCEDURE ASKi /% A PROCEDURE WHICH GIVES THE OPTION TO ABORT =/

(xsC +MCALL EXITS$S %)

VAR LETTERI{CHAR}

BEGIN
WRITELN(’DO YOU WISH TO ABORT? (Y/N)')}
READLN(LETTER)}
IF LETTER = ‘Y’ THEN
BEGIN
WRITELN#
WRITELN(’ %%x PROGRAM ABORTED xx%’)3
TURNOF
(x$C EXITS$S %) /% EXIT THE PROGRAM %/
END#
END# /% PROCEDURE ASK %/

V3322033323 3333333273 222222023302t 332 32233223232 23¢23%223 V4

Far i3t sidsstese s tdi bt os it tsisti bt iei it itsstis s g

/% %/
/7% TURNON: x/
/% (TURN ON) IS A ROUTINE WHICH TURNS ON THE HEXAPOD MOTOR & k/
/% ELECTRONICS POWER., IT ASSUMES THAT °TESTON® HAS BEEN CALLED x/
/% SUCCESSFULLY. IT SHOULD BE CALLED AT THE START OF EVERY %/
/% REAL TIME SECTION (WHEN THE HEXAPOL IS ACTIVELY SERVOING). X/
/% x/

/2323132832333 33222202t i it tititi st et i e iessds ittt si i et v

PROCEDURE TURNON?#

(xsC COMSTAT="D1646244 §ADDRESS OF COMMAND & STATUS WORDS
POWER="0146246 sADDRESS OF POWER COMMAND WORD
PSTAT="0166176 $ADDRESS OF POMWER STATUS WORD
+MACRO SEND Y+ Z,?7

T LR:18 ] COMSTAT iCHECK IF FORWARD PATH BUSY
BFL T
MOV Y2 $}SEND DATA
+ENDM

%)

82




BEGIN

(xs$C BIT $4,PSTAT $}TEST KILL CIRCUIT STATUS
‘BEQ KIL $BRANCH IF INACTIVE

X)

WRITELNS

WRITELN(’THE KILL CIRCUIT IS ACTIVE, PLEASE DEACTIVATE.’ )}

i (2C
; WAITK: BIT $4,PSTAT iTEST KILL CIRCUIT
1 BNE VAITK }LOOP UNTIL DEACTIVATED
)
WRITELN(’ THANK YOU’)$
(2C
KILS SEND  #3,POMER i TURN ON ELECTRONICS & MOTOR POWER
*)
PNAITS
PUAITS
($$C MOV @ePSTATR1 JCHECK FOR MP § EP ON
BIC $~0177774+R1 IMASK OFF MP & EP STATUS BITS
cHP #3,R1 SCHECK IF BOTH BITS ON
‘ BEQ DONE $BRANCH IF CORRECT
: 'S
{ ‘ WRITELN
; WRITELN(' POWER CONTROLLER MALFUNCTION)}
ASK
WRITELN#

WRITE('PLEASE SWITCH TO MANUAL MODE:» ‘)
WRITELN(’ THEN TURN ON YELLOW 3 GREEN LIGHTS’ )i

(s¢C

HALITP: MOV @#PSTAT,R1 $CHECK FOR MPF & EP ON
BIC $701777274R1 iMASK OFF MF &t EP STATUS BITS
CHP #3+R1 iCHECK IF BOTH BITS ON
BNE WALITP iLOOP UNTIL POWER ON

x)

WRITELNS

WRITELNC(’ THANK YOU‘)#

(x$C DONE
x)

END# /% TURNON %/

/ERERERAERRERAREE RN R RERARR AR AXKRRXRERRE R RA R R R AR RAXR RN RRAXEEAERARRR X/
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/REBEEBRREEREREAREREEAEERE XX RRE AR KR KAR KRS LA AERER A SRR AEABXE XXX RARAR/

/%

/% TESTON:

/% (TEST ¢ TURN ON) IS AN INTERACTIVE PROCEDURE WHICH SHOULD BE

/% CALLED AT THE START OF EVERY REAL-TIME HEXAPUD CONTROL PROGRAM.
/% IT AUTOMATICALLY TESTS DATA LINK OFERATION AND THEN TURNS ON
/% THE POWER SYSTEMS IN THE PROPERK SEQUENCE. ANY ABNORMAL

/% CONDITIONS ARE REPORTED TO THE OPERATOR.

/%

x/

/EBKRRERRAX KK X EABREE XXX LA XXX AR ARAEEEAERX XA AR R EXR XX XE KR XXX XXX AR XS AR K%/

PROCEDURE TESTON}

VAR Iy
Ny
DATAy
LOC:
INTEGER

(x3C ADBASE="0166000 iBASE ADDRESS OR A/D’S

DABASE="01466200 iBASE ADDRESS OF D/A’S
DABUF="0166236 iD/a CHANNEL USED FOR FORWARD TESTS
COMSTAT="01466244 $ADDRESS OF FORWARD STATUS WORD

i AND MODE COMMAND WORD
PSTAT="0164174 $}ADDRESS OF POWER STATUS WORD
POWER="0166246 $ADDRESS OF FPOWER COMMAND WORD

+MACRO SEND YsZ,?T

T TSTB COMSTAT iCHECK IF FORWARD PATH BUSY
BPL T
Moy Y2 $SEND DATA
+ENDN
%)
BEGIN
WRITELNS

WRITE(’PLEASE TURN ON DATA LINK POWER (RED LIGHT)» ")
WRITELN(’ THEN ENTER A CARRIAGE RETURN.');
READLN}

(xx3x%kxk FEEDBACK TEST ROUTINE S$xx%%%%)

WRITELNC(’ PERFORMING DPATA LINK FEEDBACK TEST') )

(xsC SEND #0,FOMER $ TURN OFF POWER SYSTEMS

SEND $1,COMSTAT ICOMMAND TEST MODE ¢1
%)

84

ey

ﬁ“ 4




FINITIALIZE ADDRESS COUNTER
$CONVERT TO WORD ADDRESS
IFETCH DATA

JRESTORE COUNTER

SGENERATE EXPECTED DATA IN R3
# BY DUPLICATING BITS 0-3

3 IN BITS 4-9

}DATA NOW GENERATED
JCHECK 1F DATA IS CORRECT

$iSAVE ADDRESS OF BAD DATA

WRITE(’ ERROR DETECTED ON LOOP’,»Is’» ADDRESS’,LOC)}

PWALIT S
PUAITS
Ni=Q}
FOR Ii=1 TO (MAXINT DIV 44) DO
BEGIN
(38C MOV $°077:R1
LOOP: ASL R1
MoV ADBASE(R1),R2
ASR R1
nov R1+R3
SWAB K3
ASR R3
ASR R3
ADD R1sR3
BIC #"0176000:R3
CMP R2sR3
BEQ CONT
MoV R1+L0OC(SP)
%)
Ni=N+1}
IF N<20 THEN
BEGIN
WRITELNY
END3
(x¢C
CONT? DEC R1
BPL Logp
x)

END? /% FOR 1 8/

IF N <> 0 THEN
BEGIN
WRITELNG

$DECREMENT ADDRESS COUNTER
$LODP UNTIL R1<0O '

WRITELN(N»‘ TRANSMISSION ERRORS DETECTED IN‘ MAXINT,’ TESTS.’ )}

ASK}
END}

(SX288x¢ FEEDFORWARD TEST ROUTINE %2%5%X8%)

WRITELN}

WRITELN(’ PERFORMING DATA LINK FEEDFORWARD TEST')}

(xeC SEND
X)

#2,COMSTAT
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Ni=0}
PUAITS
FOR DATA!=0 TO 127 DO
BEGIN
(xsC SEND
%)
PWAIT}
(x3C nov
CMPB
BEQ
INC
500D COM
SEND
%)
PWAITS
(xsC MOV
CNPB
BEQ
INC
GOoOD2: COM
%)
END}
IF N <> 0 THEN
BEGIN
WRITELNS
MRITELN(N»”
ASK}
END$

DATA(SP) » DABUF

24ADBASE /R1
R1/,DATA(SP)
G0OOD

N(SP)

DATA(SP)
DATA(SP)»DABUF

@8ADBASE»R1
R1+,DATA(SP)
G0o0D2

N(SP)
DATA(SP)

/7% FOR DATA &/

TRANSMISSION ERRORS

(sxx%%%x%x POWER CONTROLLER MODE TEST

(x$C
%)

SEND

PWAITS
PWALITH
(x$C TSTB PSTAT
BMI COoMP
%)

WRITELNY

#0,COMSTAT

$1SEND DATA

SREAD BACK DATA

$COMPARE DATA SENT 8§ RECIEVED
$BERANCH IF DaTA GOOD

$ INCREMENT ERROR COUNTER
$iFLIP BITS FOR NEXT OUTPUT
$SEND DATA

iREAD BACK DATA

$COMPARE DATA SENT &t RECIEVED
$BRANCH IF DATA GOOD

$ INCREMENT ERROR COUNTER
IRESTORE DATA

DETECTED IN 256 TESTS." )

EXXXRXR)

ICOMMAND NORMAL MODE

JTEST IF POWER CONTROLLER IN COMPUTER MODE

}BRANCH IF IT 1S

WRITELN('PLEASE PLACE POWER CONTROLLER IN COMPUTER MODE.‘ )}
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o

ouml gum o

(xsC

WAITC?: TSTB
BPL

%)

WRITELN(’ THANK YOU‘)}

(x8C COMP!
%)

PSTAT
WAITC

$TEST FOR COMFUTER MODE
JLOOP UNTIL MODE CHANGED

(388888 2ZERO DAC ROUTINE S®sxxX%8%3)

FOR I:=0 TO 17 DO

BEGIN
(xsC

%)
END#
TURNON}$

WRITELNS

nov
ASL
SEND

I1(SP)»R1 $MOVE I TO R1
R1 iCONVERY TO WORD ADDRESS
#°0177,DABASE(R1) $SEND ZERQ VOLTS TO JOINT

WRITELN(’ INITIALIZATION COMPLETE’)}

WRITELNS
END} /% TESTON &/

(a2 322321322232t b it bdsdtbd s tssseiststifstietittdsdtssssisitsiisstss ¥y
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/8%%8%8%x FILE:! KYCK3I4,MAC $5x53%/
SRRXRELREXRERERRBERAARESEABAREEXRLEXBEBEXXLER LA TERXEEREEXL LR LEXERERX

PROGRAMMERS! CMARLES KLEIN» DENNIS PUGH
DATE: 20-APR-82 .

GLOBAL VARIABLES! NONE

PURPOSE: ASSEMBLER LEVEL KEYBOARD INPUT FOR SPECIAL-PURPOSE
USE WITH HIGH LEVEL LANGUAGES.

SUBROUTINES CONTAINED!

KEYINT: INITIALIZES TERMINAL CHARACTERISTICS AND PLACES AN
INPUT REQUEST ON THE SYSTEM QUEUE. KEYINT SHOULD BE
CALLED ONLY ONCE. NO ARGUMENTS ARE REQUIRED.

KEYCK?! RETURNS THE CHARACTER TYPED ON THE KEYBOARD IN ITS
ONE ARGUMENT (VARIABLE TYPE CHAR). IF NO CHARACTER HAS
BEEN INPUT SINCE THE LAST CALL» A NULL CHARACTER IS
RETURNED (ASCII 0). SAMPLE CALL: KEYCK(CHARACTER) i

KYWAIT: IS TO BE CALLED WHEN IT IS DESIRED TO SUSPEND PROGRAM
EXECUTION UNTIL A CHARACTER IS INPUT, THUS FREEING THE
SYSTEM FOR OTHER TASKS. EXECUTION IS RESUMED WHEN AN
INPUT 1S RECIEVED. KEYCK CAN THEN BE USED TO FETCH THE
CHARACTER. NO ARGUMENTS ARE REQUIRED.

IOKILLS IS USED TO CANCEL THE INPUT REQUEST WMEN A HIGH-LEVEL
READ (READLN) IS TO BE PERFORMED. NO ARGUMENTS ARE
REQUIRED.

INQUE! IS CALLED TO REASSERT THE INPUT REQUEST AFTER AN IOKILL
AND HIGH-LEVEL READ. NO ARGUMENTS ARE REQUIRED.

o

832 ALL SUBROUTINES ARE IN FORTRAN FORMAT. $2x

e X E N X BN N X NN N BN R BN N X N N B N R N N N X X N N RN X N

3
¥
%
]
%
X
]
4
|
z
3
L4
x
3
4
3
X
|
 J
X
2
z
]
3
X
4

(3E 2232322t ed ittt ddissessasdtstddsstiipoetidii s esitesistestisny

W WS WE S W W e WP W W We WP W W Wn WP W WS W BP0 We We WE W WS e W W We we T We VP We Ve We W we W W we

+LIST TTH
+MCALL QIOSS,WTSESS,ALUNSS

LOCAL SYMBOL DEFINITION
LUN2 = 2
EFN1 = 11
EFN2 = 12
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5 LOCAL DATA BLOCKS!
L

+PSECT
LE{:H +BLKD
+EVEN
TCHAR!: ,BYTE
10ST! +BLKW
'
+PSECT
i
KEYINT::
ALUNSS
Q10%S
Q108
QIO0sS
BCS
RTS
H

¥

KEYCKS$: TST
CLRB
CHMPB
BNE
MOVE

INGQUE:: GI10sS
BCS

RETURN! RTS

DATA:D+RW
1
TC.FDXs1
2

SLUN2:#°T1
$I0.ATT»4LUN2

SSF.SMCr8LUN21y» 9y <$TCHAR,»$2>
SI0.RNESOLUN2//SEFN2, 1 $I10ST» ) <OMSGr$1>

ERROR
PC

(R3) ¢

QO(RS)
$1S.SUC,»108T
RETURN
MSG+@0(RS)

$I0.RNEs»$LUN2»8EFN2/ »$I10ST» s <$MSGr 01>

ERROR
PC

ERROR! MOV #2,RO

107
H

}

KYWAIT??
WTSESS
RTS

}

’

IOKILL: S
a10ss
WTSESS
RTS

+END

$EFN2
pC

JCHARACTER BUFFER

ITERMINAL CHARACTERISTICS
$11/0 STATUS RETURN LOCATION

iASSIGN LUN TO TERMINAL
JATTACH TERMINAL

$SET 70 FULL DUPLEX
$ASSERT INPUT REQUEST
$SIGNAL IF ERROR

$POINT RS TO ARGUMENT
$PUT NULL IN ARGUMENT
$TEST FOR SUCCESSFUL READ
IRETURN IF NOT

JPUT CHAR. IN ARGUMENT
JREASSERT INPUT REQUEST
§SIGNAL IF ERROR

$SET ERROR FLAG

$WAIT FOR KEYBOARD INPUT WITH LITTLE QVERHEAD

I0.KIL»$LUN2» $EFNL

SEFNL
PC
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$CANCEL 1I/0 REQUESTS
$WAIT FOR COMPLETION




- W we Wo we W

PAS
MAC
FAS
MAC
PAS
MAC
PAS
MAC
PAS
MAC
PAS
MAC
PAS
MaC
PAS
MAC
PAS
MAC
MAC
TKB

FILES CHPL34.CHD

OF ROBOT 3.4

ROBT34=GBLF34,ROBT3IA

ROBT34=ROBT34
PLAN34=GBLF34PLAN34
PLAN3I4=PLAN3A
FOOT34=GBLF34,F00T34
FOOT34=F00T34
SERV3I4=GBLF34,SERV3A
SERV3I4=SERVI4
INIT34=GBLF34yINIT34
INIT34aINIT34
LINE34=GBLF34,LINE34
LINE34=_INE34
LIBR34=GBLF34,LIBR3A
LIBR3A=LIBR34
DLNK34=GBLF34,DUNK34
DLNK34=DLNK34
POWR34=POWR34
POWRIA=POWR3A
KYCK34=KYCK34
@ROBT 34

FUNCTION: INDIRECT COMMAND FILE TO
COMPILE & ASSEMBLE ALL FILES
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[} FILE: ROBT3I4.CMD
)

3 FUNCTION: PROVIDES LINKAGE INFORMATION

) FOR THE TASK BUILDER

]

ROBTIQ/FPvRODT!4/CR/-SP-RDBTJA

PLAN34

FOOT34

LIBR34

SERV34

DLNK34

INIT34

LINE34

KYCK34

POWR34

[(1+1]IPASLIB/LE

/

COMMON=IOPAGE :RW E |
extsct=sshear 5000

UNITS=?

7/







